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Abstract 
Supported Au and Cu catalysts have been developed for clean/sustainable 
production of value fine chemicals (including alcohols, ketone, amines and imines) 
from selective reduction (of benzaldehyde, nitrobenzene and furfural) and coupled 
(dehydrogenation-hydrogenation) reaction in the continuous gas phase operation. 
Critical catalyst physicochemical properties are characterised by applying a range of 
techniques and correlated to the catalytic response. 
The role of support, Au particle size and electronic character in determining 
catalytic activity and selectivity in the hydrogenation of benzaldehyde and nitrobenzene 
over oxide supported nano-scale (2-8 nm) Au has been established. Hydrogenation 
(turnover frequency) TOF increases with decreasing Au size (from 8 to 4 nm) with 
measurably lower TOF over Au < 3 nm. Repulsion of –C=O and –NO2 functionalities 
with respect to Au
δ+
 and strong binding to surface oxygen vacancies have been found to 
lower hydrogenation rates. Promotional effect of water via catalytic dissociation has 
been found to enhance the selective benzaldehyde hydrogenation rate.  
Two catalytic routes for imine (N-benzylideneimine) synthesis in continuous gas 
phase operation have been established. Reductive coupling of benzaldehyde with 
nitrobenzene (using external hydrogen) over supported Au generated up to 99% 
selectivity to the target imine. Coupling of benzyl alcohol dehydrogenation with 
nitrobenzene hydrogenation (in the absence of external hydrogen supply) over Au/TiO2 
+ Cu/SiO2 mixture produced imine with full hydrogen utilisation. Incorporation of 
Au/TiO2 to Cu/SiO2 created a synergy between Cu and Au and enhanced catalyst 
stability. A tandem dehydrogenation/amination/reduction process has been developed 
for high throughout production of benzylamine in continuous gas phase operation over 
Cu/SiO2 and Au/TiO2. A synergy between Cu/SiO2 and Au/TiO2 serves to promote 
benzylamine formation with 81% yield achieved through an optimization of process 
parameters.  
Coupling of 2-butanol dehydrogenation with nitrobenzene hydrogenation over 
Cu/SiO2 in the absence of an external H2 supply delivered exclusive production of both 
2-butanone and aniline at full conversion. Hydrogen utilisation efficiency was 
ii 
appreciably greater (by a factor of up to 50) in the coupled system relative to 
conventional stand-alone hydrogenation using pressurised hydrogen. 
Selective conversion of biomass-derived furfural to furfuryl alcohol over supported 
Au catalysts has been established. A series of approaches (e.g. promotional effect of 
water via catalytic dissociation, increased spillover hydrogen with addition of oxide 
support and coupling strategy) directed at increasing the surface availability of reactive 
hydrogen were adopted to enhance furfuryl alcohol production and hydrogen utilisation. 
Continuous production of γ-butyrolactone has been established in both stand-alone 
hydrogenation of succinic acid (using external H2) and reaction coupling with formic 
acid decomposition (as a source of H2) over Cu/SiO2. Pd/SiO2 and Ni/SiO2 promoted 
propanoic acid formation at higher reaction rates. 
The results presented in this thesis establish feasible catalytic routes to high value 
alcohols, imines and amines where critical process optimisation is demonstrated in 
terms of catalyst composition/surface structure and reaction conditions. 
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Chapter 1                                                                                          
Introduction and Scope of the Thesis 
This chapter presents a short overview of sustainability in industrial catalytic 
processes and briefly introduces the materials and approaches employed in this thesis 
work. The motivation and objectives of this PhD study are also identified. 
1.1 Industrial Sustainability 
The global chemical manufacture is stepping into an age of industrial sustainability 
where green chemistry and green engineering are advocated and developed as a 
response to the demand for environmentally friendly and economically competitive 
chemical processes. Industrial sustainability is defined as the continuous innovation, 
application of clean technologies to minimise pollution and consumption of resources 
[1.1]. In addition to the 12 principles of green chemistry, industrial sustainability also 
addresses utilisation of renewable resources and sustainable energy, reduction of 
greenhouse gases emissions and development of inherently safer processes. Catalytic 
processes can be designed to fulfill these guidelines. Development of continuous 
processes, reduction or elimination of waste products, use of renewable feedstock and 
atom efficiency are the cornerstones of progressing chemical processes.  
Catalytic hydrogenation is essential in the manufacture of functionalised alcohols, 
imines and amines that are employed as precursors for the synthesis of herbicides and 
insecticides, pharmaceuticals, agrochemicals, cosmetics, corrosion inhibitor and 
pigments [1.2-1.5]. Industrial processes to date have focused on batch liquid phase 
operation at elevated hydrogen pressure [1.6]. Selectivity in terms of targeted –C=O 
and/or –NO2 reduction in the presence of other reactive functional groups (e.g. C=C) is 
challenging. Non-selective reactions lead to low product yield, toxic by-products and 
energy inefficiency [1.7]. Further improvements are required in order to achieve 
continuous clean production. Moreover traditional hydrogenation is conducted using 
(pressurised) hydrogen that is far in excess of stoichiometric requirements. Hydrogen is 
not a naturally occurring resource and is produced in fossil fuel based technologies [1.8-
1.10]. Sustainable catalytic hydrogenation must tackle issues associated with hydrogen 
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sourcing and utilisation. Energy and chemical manufacture still rely on fossil fuel and 
petrochemicals. The quest for sustainable resources is now the driver to develop 
efficient routes to commodity chemicals from renewable feedstock. Use of biomass 
and/or biomass-derived feedstock as a renewable source of fuels and chemicals is a first 
step in ensuring global sustainability. 
1.2 Scope and Organisation of the Thesis 
The objective of this PhD study is to develop continuous selective catalytic systems 
for high throughout production of high value fine chemicals (e.g. alcohols, imines and 
amines). The work addresses selectivity, productivity and sustainability issues in 
catalytic hydrogenation processes. A schematic diagram that outlines the scope and 
organisation of the PhD research is presented in Fig. 1.1. The selective hydrogenation 
of benzaldehyde (Chapters 2 and 3), nitrobenzene (Chapter 3) and benzaldehyde + 
nitrobenzene mixtures (Chapter 4) to benzyl alcohol, aniline and imine (N-
benzylideneaniline) is examined. An alternative route for the production of imine (N-
benzylideneaniline) from coupling of benzyl alcohol dehydrogenation with 
nitrobenzene reduction (without using external hydrogen) is considered in Chapter 5. 
Simultaneous production of 2-butanone (from 2-butanol dehydrogenation) and aniline 
(from nitrobenzene hydrogenation) in one unit via reaction coupling (in N2) is evaluated 
in Chapter 6. Transformation of benzyl alcohol to benzylamine via a tandem 
dehydrogenation/amination/reduction route is the focus of Chapter 7. Sustainable 
production of furfuryl alcohol from the hydrogenation of biomass-derived furfural is 
presented in Chapters 8 and 9 with an investigation of a series of approaches to 
enhance furfuryl alcohol generation in Chapter 10. The thesis ends (Chapter 11) with 
an evaluation of renewable succinic acid and formic acid to produce γ-butyrolactone via 
reaction coupling (in N2). 
Interest in Au catalysts for hydrogenation has been driven by the high 
chemoselectivity achieved in the reduction of targeted functional groups while 
preserving other, often more reactive, functionalities [1.11,1.12]. There are a number of 
instances where supported Au has generated enhanced selectivity relative to 
conventional transition metal (e.g. Pd, Pt and Ni) catalysts, notably in batch liquid phase 
operation [1.13].
 
Gold catalysts, however, deliver significantly lower hydrogenation 
rates, which can be attributed to a lesser capacity for hydrogen activation/dissociation 
[1.14-1.16]. A specific objective of this PhD work has been to enhance selective 
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hydrogenation rate of supported Au through an understanding of the fundamental 
relationships between catalyst structure and catalytic response. A systematic approach 
to increase surface reactive hydrogen via (i) catalytic dissociation of water, (ii) spillover 
hydrogen by incorporation of oxide supports and (iii) coupling with dehydrogenation 
with hydrogen release (over Cu catalyst) is presented in Chapters 2 and 10. The role of 
Au particle size and support properties in terms of redox character, surface deficient 
sites and metal interaction will be illustrated for the hydrogenation of benzaldehyde, 
nitrobenzene (Chapter 3), benzaldehyde + nitrobenzene mixtures (Chapter 4) and 
furfural (Chapters 8 and 9). An exploration of the promotional effect of supported Au in 
benzylamine synthesis via tandem dehydrogenation/amination/reduction route is the 
topic of Chapter 7. 
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Fig. 1.1: Scope of studies undertaken in this thesis 
 
 
Hydrogen utilisation is a critical issue in hydrogenation application and is tackled in 
this thesis. A continuous heterogeneous catalytic system that combines dehydrogenation 
with hydrogen release that is utilised in hydrogenation is presented as an alternative 
approach that circumvents the requirement for an external hydrogen supply. This offers 
clear advantages over conventional (stand-alone) reaction processes. The feasibility of  
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alcohols (benzyl alcohol and 2-butanol) and formic acid as hydrogen donors to replace 
(pressurised) hydrogen gas in the conversion of nitrobenzene to imine (Chapter 5), 
aniline (Chapter 6) and in the reduction of furfural to furfuryl alcohol (Chapter 10) and 
succinic acid to γ-butyrolactone (Chapter 11) is fully assessed. Hydrogen utilisation 
efficiency is used as the metric to compare the performance of the coupled reaction 
systems against traditional hydrogenation process.  
Use of biomass based feedstock is attracting increasing attention as a renewable, 
non-petroleum based raw material for the sustainable production of a diversity of high 
value products [1.17-1.19]. Furfural and succinic acid are derived from lignocellulosic 
biomass and have been identified as promising platform reactants for the production of 
commodity and specialty chemicals [1.20-1.23]. Selective hydrogenation of furfural to 
furfuryl alcohol over supported Au is presented and discussed in Chapters 8 and 10. 
Preliminary results for utilisation of renewable formic acid as hydrogen donors in 
succinic hydrogenation to γ-butyrolactone (over Cu/SiO2) are also presented in Chapter 
11.  
The primary contributions of this thesis are summarised in Chapter 12 with 
suggestions for future directions in sustainable chemical manufacturing. 
1.3 References 
[1.1] J.F. Jenck, F. Agterberg, M.J. Droescher, Products and processes for a sustainable 
chemical industry: A review of achievements and prospects, Green Chem. 6 (2004) 544-
556. 
[1.2] J. Scognamiglio, L. Jones, D. Vitale, C.S. Letizia, A.M. Api, Fragrance material 
review on benzyl alcohol, Food Chem. Toxicol. 50 (2012) S140-S160. 
[1.3] L. Pranger, R. Tannenbaum, Biobased nanocomposites prepared by in situ 
polymerization of furfuryl alcohol with cellulose whiskers or montmorillonite clay, 
Macromol. 41 (2008) 8682-8687. 
[1.4] W.J. Cui, Q. Xiao, S. Sarina, W.L. Ao, M.X. Xie, H.Y. Zhu, Z. Bao, Au-Pd alloy 
nanoparticle catalyzed selective oxidation of benzyl alcohol and tandem synthesis of 
imines at ambient conditions, Catal. Today 235 (2014) 152-159. 
 5 
[1.5] R.K. Marella, K.S. Koppadi, Y. Jyothi, K.S.R. Rao, D.R. Burri, Selective gas-
phase hydrogenation of benzonitrile into benzylamine over Cu-MgO catalysts without 
using any additives, New J. Chem. 37 (2013) 3229-3235. 
[1.6] R.A. Sheldon, R.S. Downing, Heterogeneous catalytic transformations for 
environmentally friendly production, Appl. Catal. A: Gen. 189 (1999) 163-183. 
[1.7] T. Mitsudome, K. Kaneda, Gold nanoparticle catalysts for selective 
hydrogenations, Green Chem. 15 (2013) 2636-2654. 
[1.8] R.M. Navarro, M.A. Pena, J.L.G. Fierro, Hydrogen production reactions from 
carbon feedstocks: Fossils fuels and biomass, Chem. Rev. 107 (2007) 3952-3991. 
[1.9] R. Kothari, D. Buddhi, R.L. Sawhney, Comparison of environmental and 
economic aspects of various hydrogen production methods, Renew. Sust. Energ. Rev. 
12 (2008) 553-563. 
[1.10] E. Cetinkaya, I. Dincer, G.F. Naterer, Life cycle assessment of various hydrogen 
production methods, Int. J. Hydrogen Energ. 37 (2012) 2071-2080. 
[1.11] A. Corma, P. Serna, H. Garcia, Gold catalysts open a new general 
chemoselective route to synthesize oximes by hydrogenation of α, β-unsaturated 
nitrocompounds with H2, J. Am. Chem. Soc. 129 (2007) 6358-6359. 
[1.12] M. Pan, A.J. Brush, Z.D. Pozun, H.C. Ham, W.Y. Yu, G. Henkelman, G.S. 
Hwang, C.B. Mullins, Model studies of heterogeneous catalytic hydrogenation 
reactions with gold, Chem. Soc. Rev. 42 (2013) 5002-5013. 
[1.13] A. Corma, P. Serna, Chemoselective hydrogenation of nitro compounds with 
supported gold catalysts, Science 313 (2006) 332-334. 
[1.14] C. Kartusch, J.A. van Bokhoven, Hydrogenation over gold catalysts: The 
interaction of gold with hydrogen, Gold Bull. 42 (2009) 343-347. 
[1.15] G.C. Bond, Chemisorption and reactions of small molecules on small gold 
particles, Molecules 17 (2012) 1716-1743. 
[1.16] M. Manzoli, A. Chiorino, F. Vindigni, F. Boccuzzi, Hydrogen interaction with 
gold nanoparticles and clusters supported on different oxides: A FTIR study, Catal. 
Today 181 (2012) 62-67. 
[1.17] D.M. Alonso, J.Q. Bond, J.A. Dumesic, Catalytic conversion of biomass to 
biofuels, Green Chem. 12 (2010) 1493-1513. 
[1.18] B. Gabrielle, L. Bamiere, N. Caldes, S. De-Cara, G. Decocq, F. Ferchaud, C. 
Loyce, E. Pelzer, Y. Perez, J. Wohlfahrt, G. Richard, Paving the way for sustainable 
bioenergy in Europe: Technological options and research avenues for large-scale 
biomass feedstock supply, Renew. Sust. Energ. Rev. 33 (2014) 11-25. 
 6 
[1.19] R.A. Sheldon, J.P.M. Sanders, Toward concise metrics for the production of 
chemicals from renewable biomass, Catal. Today 239 (2015) 3-6. 
[1.20] E.S. Kim, S. Liu, M.M. Abu-Omar, N.S. Mosier, Selective conversion of biomass 
hemicellulose to furfural using maleic acid with microwave heating, Energ. Fuel 26 
(2012) 1298-1304. 
[1.21] J. Akhtar, A. Idris, R.A. Aziz, Recent advances in production of succinic acid 
from lignocellulosic biomass, Appl. Microbiol. Biotechol. 98 (2014) 987-1000. 
[1.22] J.-P. Lange, E. van der Heide, J. van Buijtenen, R. Price, Furfural: A promising 
platform for lignocellulosic biofuels, ChemSusChem 5 (2012) 150-166. 
[1.23] I. Bechthold, K. Bretz, S. Kabasci, R. Kopitzky, A. Springer, Succinic acid: A 
new platform chemical for biobased polymers from renewable resources, Chem. Eng. 
Technol. 31 (2008) 647-654. 
 
 
 7 
Chapter 2                                                                                             
Enhanced Production of Benzyl Alcohol in Benzaldehyde 
Hydrogenation over Au/Al2O3 
This chapter investigates catalyst (Au/Al2O3) preparation (deposition-precipitation 
vs. impregnation) in modifying Au properties and catalytic action in the continuous gas 
phase hydrogenation of benzaldehyde. The effect of reactant carrier (ethanol vs. water) 
on enhancing the selective hydrogenation rate is also considered.    
2.1 Introduction 
Benzyl alcohol finds wide utilisation as a solvent for inks, paints and lacquers and 
as precursor to a variety of esters in the production of cosmetics and flavors [2.1]. 
Industrial benzyl alcohol production involves hydrolysis of benzyl chloride (using 
NaOH) or toluene oxidation [2.2,2.3]. The hydrolysis route suffers severe drawbacks in 
terms of chlorine release and significant by-product (benzyl ether and NaCl) formation, 
which necessitates downstream separation/purification. The latter exhibits a 
sustainability gap with respect to the quantities of solvent used and the inclusion of 
toxic bromides to enhance the alcohol yield [2.3]. The selective hydrogenation of 
benzaldehyde, as an alternative, has been promoted using Rh and Ru complexes where 
alcohols (methanol, ethanol, glycerol and methoxy ethanol) and organic acids (formic 
acid) have served as hydrogen donors [2.4,2.5]. Product separation and catalyst reuse 
impact on efficiency but this can be circumvented by a switch to heterogeneous 
catalysis. The use of solid catalysts has focused on liquid phase reaction using transition 
metals (Ni, Ru, Pt and Pd) on a range of supports (monolith, Al2O3, activated carbon 
and SiO2) [2.6-2.9]; pertinent conversion/selectivity and associated reaction conditions 
are compiled in Table 2.1. Okamoto. et al [2.9] achieved full selectivity to benzyl 
alcohol at a conversion up to 84% over polyethylene glycol (PEG) modified Pd/SiO2. 
Zhao and co-workers [2.10] recorded near complete benzaldehyde conversion (> 97%) 
and 100% selectivity to the alcohol over Pt/C at 323 K and elevated H2 pressure (4 
MPa). Gas phase continuous operation has employed a series of metal oxides (ZnO, 
Fe2O3, Al2O3, ZrO2, CeO2 and TiO2) [2.11] and oxide supported Pt, Cu and Ni catalysts 
[2.12-2.14]. Supported Pt showed superior performance with 100% selectivity to benzyl 
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alcohol at a partial conversion (80%) over Pt/TiO2 (Table 2.1), which was attributed to 
–C=O activation at the metal-support interface that enhanced reactivity [2.12]. Reaction 
over Cu generated a product distribution that was dependent on the support and reaction 
temperature where Cu/SiO2 delivered selectivities up to 83% (at 373 K) but there was 
no detectable benzyl alcohol formation over Cu supported on Al2O3, TiO2, CeO2 or 
ZrO2, regardless of temperature [2.13]. Exclusive gas phase carbonyl group reduction at 
high conversions remains a challenge as hydrogenolysis and phenyl ring reduction 
predominate to generate benzene, toluene and methylcyclohexane [2.14]. 
Table 2.1: Catalytic results (conversion (X) and selectivity (S)) 
with associated reaction temperatures and pressures reported 
in the literature for benzaldehyde hydrogenation. 
 
Catalyst Phase 
T 
(K) 
PH2 
(MPa) 
X 
(%) 
S 
(%) 
Ref. 
PEG-Pd/SiO2 liquid 453 3 84 100 [2.9] 
Pt/C liquid 323 4 98 100 [2.10] 
Pt/TiO2 gas 453 0.1 80 100 [2.12] 
Cu/SiO2 gas 373 0.1 68 83 [2.13] 
Au/Al2O3 gas 393 0.1 15 100 [2.17] 
 
 
Oxide supported gold has exhibited enhanced chemoselectivity in the 
hydrogenation of aldehydes and ketones relative to standard transition metal catalysts 
[2.15,2.16]. This is offset somewhat by the lower reaction rates due to the lesser 
capacity of Au for H2 activation [2.16]. We previously reported complete selectivity to 
benzyl alcohol in the hydrogenation of benzaldehyde over Au/Al2O3 (prepared by 
impregnation) under reaction conditions where Al2O3 supported Ni and Pd were non-
selective, generating toluene as principal product [2.17]. However, exclusive production 
of benzyl alcohol over Au/Al2O3 was obtained at low reaction rates (feed conversion  
15%). As an extension to that work, we have evaluated the catalytic action of Au/Al2O3 
prepared by deposition-precipitation to generate smaller Au size and have established 
enhanced performance relative to the impregnated system. The existing studies on 
benzaldehyde hydrogenation use toxic dedecane [2.9] and supercritical CO2 [2.10] as 
solvent. We demonstrate for the first time the use of water as an environmentally benign 
aldehyde carrier to elevate catalytic productivity in continuous gas phase operation (at 1 
am). We have also assessed the catalytic performance of Au/TiO2 and Au/ZrO2 to 
validate the promotional effect of water.  
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2.2 Experimental 
2.2.1 Catalyst Preparation and Activation 
The γ-Al2O3 (Puralox, Condea Vista) and TiO2 (P25, Degussa) supports were used 
as received. The ZrO2 carrier was synthesised by precipitation of ZrOCl2 (0.1 M) with 
aqueous NH3 (2.5 M) under vigorous stirring (600 rpm) at pH 9.4-11.8. The resultant 
hydrogel was washed thoroughly with deionised water and dried at 373 K for 24 h with 
subsequent calcination (1 K min
-1
) in flowing air (60 cm
3
 min
-1
) at 673 K for 5 h.  
Alumina supported Au prepared by impregnation (denoted as Au/Al2O3-IMP) has been 
described in detail previously [2.17]. Catalyst synthesis by deposition-precipitation 
(Au/Al2O3-DP, Au/ZrO2 and Au/TiO2) employed urea as basification agent. An aqueous 
solution of urea (100 fold excess) and HAuCl4 (5  10
-3
 M) was added to the support, 
the suspension was heated to 353 K (2 K min
-1
) under vigorous stirring and maintained 
at this temperature for 3 h. The pH progressively increased to ca. 7 as a result of thermal 
decomposition of urea. The resultant solid was separated by filtration, washed with 
distilled water until chlorine free and dried in He (45 cm
3
 min
-1
) at 373 K (2 K min
-1
) 
for 5 h. The catalyst precursors were sieved (ATM fine test sieves) into a batch of 
75 μm average diameter and activated at 2 K min-1 to 473-603 K in 60 cm3 min-1 H2. 
2.2.2 Catalyst Characterisation 
The Au content was determined by atomic absorption spectroscopy using a 
Shimadzu AA-6650 spectrometer with an air-acetylene flame from the diluted extract in 
aqua regia (25% v/v HNO3/HCl). Temperature programmed reduction (TPR) and H2 
chemisorption measurements were recorded on the commercial CHEM-BET 3000 
(Quantachrome) unit with data acquisition/manipulation using the TPR Win
TM
 software. 
Samples were loaded into a U-shaped Pyrex glass cell (100 mm × 3.76 mm i.d.) and 
heated in 17 cm
3
 min
-1
 (Brooks mass flow controlled) 5% v/v H2/N2 to 473-603 K at 2 
K min
-1
. The effluent gas passed through a liquid N2 trap and H2 consumption was 
monitored by thermal conductivity detector (TCD). The activated samples were swept 
with 65 cm
3
 min
-1
 N2 for 1.5 h, cooled to reaction temperature (413 K) and subjected to 
H2 chemisorption by pulse (10 μl) titration. In blank tests, there was no measurable H2 
uptake on the supports alone. Nitrogen adsorption-desorption isotherms were obtained 
using the commercial Micromeritics Gemini 2390 system with sample outgassing at 423 
K for 1 h prior to analysis; specific surface area was determined using the standard BET 
method. Cumulative pore volumes were obtained by BJH analysis from the desorption 
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isotherms. Powder X-ray diffractograms (XRD) were recorded on a Bruker/Siemens 
D500 incident X-ray diffractometer using Cu Kα radiation. Samples were scanned at 
0.02º per step over the range 20º ≤ 2θ ≤ 80º and the diffractograms identified using 
JCPDS-ICDD reference standards, i.e. Au (Card No. 04-0784) and γ-Al2O3 (Card No. 
10-0425). Gold particle size and morphology were determined by transmission (TEM, 
JEOL JEM 2011) and scanning transmission (STEM, JEOL 2200FS) electron 
microscopy, employing Gatan Digital Micrograph 1.82 for data acquisition/ 
manipulation. Samples for analysis were prepared by dispersion in acetone and 
deposited on a holey carbon/Cu grid (300 Mesh). Surface area weighted mean Au size 
(d) was obtained from a count of at least 300 particles according to  
                                  
3
2
i i
i
i i
i
n d
d
n d


                                                                (2.1) 
where ni is the number of particles of diameter di. 
2.2.3 Catalytic Procedure 
Catalyst testing was carried out at atmospheric pressure and 393-423 K, in situ after 
activation in a continuous flow fixed-bed tubular reactor (i.d. = 15 mm). A layer of 
borosilicate glass beads served as preheating zone, ensuring that the benzaldehyde 
reactant was vaporised and reached reaction temperature before contacting the catalyst. 
Isothermal conditions (± 1 K) were maintained by diluting the catalyst with ground 
glass (75 µm); the ground glass was mixed thoroughly with catalyst before insertion 
into the reactor. Reaction temperature was continuously monitored by a thermocouple 
inserted in a thermowell within the catalyst bed. The benzaldehyde reactant was 
delivered as ethanolic or aqueous solutions to the reactor via a glass/teflon air-tight 
syringe and teflon line using a microprocessor controlled infusion pump (Model 100 kd 
Scientific) at a fixed calibrated flow rate. A co-current flow of benzaldehyde and H2 was 
maintained at GHSV = 2
 
×
 
10
4
 h
-1
 with an inlet benzaldehyde flow (F) of 4.8
 
×
 
10
-5
 mol h
-1
. 
The molar Au to benzaldehyde feed rate (n/F) spanned the range 1.2×10
-2 
- 9×10
-2
 h. In a 
series of blank tests, passage of benzaldehyde in a stream of H2 through the empty reactor 
or over the supports alone did not result in any detectable conversion. The reactor effluent 
was condensed in a liquid nitrogen trap for subsequent analysis using a Perkin-Elmer 
Auto System XL gas chromatograph equipped with a programmed split/splitless injector 
and a flame ionisation detector (FID), employing a DB-1 (50 m × 0.33 mm i.d., 0.20 μm 
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film thickness) capillary column (J&W Scientific). Benzaldehyde (Fluka, ≥98%), benzyl 
alcohol (Riedel-de Haën, ≥99%) and ethanol (Sigma Aldrich, ≥99%) were used without 
further purification. Benzaldehyde conversion (X) is defined by 
                 
  
 
in out
in
[ ] [ ]
[ ]
100
benzaldehyde benzaldehyde
benzaldehyde
X

                           (2.2) 
where the subscripts “in” and “out” refer to the inlet and outlet gas streams, respectively. 
Selectivity in terms of benzyl alcohol as the target product is given by 
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S

                             (2.3) 
Repeated reaction with different samples from the same batch of catalyst delivered 
reproducibility that was better than ± 5% with a carbon mass balance ≥ 95%. Turnover 
frequency (TOF, rate per active site) was obtained from  
                                        
1(h )
R
D
TOF                                                              (2.4)
                                                                              
 
where D is the metal dispersion (surface metal per total metal atoms) and R (h
-1
) 
represents the reactant consumption rate. Metal dispersion was obtained from 
                      
(6 / )surface metal metal metal
metal Avogadro metal Avogadro
S
A
M d M
D
N A N
  
 
 
                                          (2.5)
                                                                               
 
where d resulted from STEM measurements, Ssurface is the metal atom surface area, ρmetal 
metal density, Mmetal metal atomic mass, Ametal metal atom surface area and NAvogadro the 
Avogadro number. Reactant consumption rate (R) was obtained from 
                                                  
1 0(h )
X F
n
R 


                        
(2.6) 
where initial fractional conversion (X0) was extracted from time on-stream measurements. 
2.3 Results and Discussion 
2.3.1 Catalyst Characteristics 
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Table 2.2: Physicochemical characteristics of the supported Au catalysts. 
 
Catalyst 
Au/Al2O3- 
DP 
Au/Al2O3- 
IMP 
Au/TiO2 Au/ZrO2 
Au loading (% w/w) 1.1 1.1 1.2 0.8 
Specific surface area (m
2
 g
-1
) 166 161 48 93 
Pore volume (cm
3 
g
-1
) 0.36 0.36 0.12 0.13 
TPR Tmax (K) 450 415 364 452 
Measured TPR H2 consumption (μmol g
-1
) 87 79 126 56 
Theoretical
a 
TPR H2 consumption (μmol g
-1
) 84 80 91 61 
H2 chemisorption (μmol gAu
-1
) at 413 K 318 45 162 137 
Au particle size range (nm) 1-8 1-21 1-9 3-12 
d (nm) 4.3 7.9 4.5 7.0 
a 
amount required for Au precursor reduction  
 
 
The textural characteristics (Au loading, specific surface area and pore volume) of 
the four catalysts considered in this study are given in Table 2.2. Temperature 
programmed reduction (TPR) of Au/Al2O3-DP and Au/Al2O3-IMP generated the 
profiles shown in Fig. 2.1, characterised by H2 consumption with temperature related 
maxima (Tmax) at 450 K and 415 K, respectively. A single TPR peak over the 434-490 K 
range has been reported elsewhere for Au/Al2O3 and ascribed to the reduction of Au
3+
 
species to Au
0
 [2.18]. The H2 consumed during TPR coincided with that required for 
precursor reduction (theoretical values recorded in Table 2.2). The reduction profile for 
Au/Al2O3-IMP spanned a lower temperature range than Au/Al2O3-DP, suggesting 
weaker precursor-support interactions that result in a more facile reduction. Activation 
of Au/ZrO2 was accompanied by H2 consumption with similar Tmax (452 K) to 
Au/Al2O3-DP and matched the requirement for Au
3+→Au0 (Table 2.2). The Tmax 
recorded for Au/TiO2 (prepared by DP) reduction was lower than that for Au/Al2O3-DP. 
Excess H2 consumption during the TPR of Au/TiO2 can be attributed to a partial 
reduction of the support with oxygen vacancies formation, as reported elsewhere [2.19]. 
Delannoy et al. [2.20] considered the possible role of the carrier to modify reducibility 
of supported Au
3+
 species and proposed an order of decreasing reducibility (TiO2 > 
CeO2 > Al2O3) that is consistent with our results. The higher reduction temperature for 
Au/Al2O3-DP and Au/ZrO2 relative to Au/TiO2 can be linked to non-reducibility of the 
support that generates stronger metal-support interactions [2.21].  
 13 
  
300 350 400 450 500 550 600
(B)
415 K
 
450 K
T (K)
T
C
D
 s
ig
n
a
l 
(a
.u
.)
(A)
 
Fig. 2.1: TPR profiles for (A) Au/Al2O3-DP and (B) Au/Al2O3-IMP. 
 
 
Catalyst structural analysis by XRD generated the diffractograms presented in Fig. 
2.2. In the case of Au/Al2O3-DP, diffraction peaks at 2θ = 37.6°, 39.5°, 45.9° and 67.0° 
correspond to (311), (222), (400) and (440) planes of γ-Al2O3 (JCPDS-ICDD 10-0425, 
profile (C) in Fig. 2.2), respectively. The diffraction peak due to metallic Au is masked 
by stronger signals due to the support. Au/Al2O3-IMP exhibits, in addition to γ-Al2O3 
signals, peaks at 38.1°, 44.3°, 64.6° and 77.5° that can be assigned to the (111), (200), 
(220) and (311) planes of Au (JCPDS-ICDD 04-0784, profile (D) in Fig. 2.2), 
diagnostic of larger Au particles. This was confirmed by TEM/STEM analysis and 
representative images are given in Fig. 2.3 for Au/Al2O3-DP (A) and Au/Al2O3-IMP 
(B). The Au particles exhibited a quasi-spherical morphology with a narrower 
distribution of smaller Au particles on Au/Al2O3-DP (1-8 nm, mean = 4.3 nm) relative 
to Au/Al2O3-IMP (1-21 nm, mean size = 7.9 nm). This agrees with the literature where 
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Fig. 2.2: XRD patterns for (A) Au/Al2O3-DP, (B) Au/Al2O3-IMP and JCPDS-ICDD 
reference for (C) γ-Al2O3 (10-0425) and (D) Au (04-0784). 
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Fig. 2.3: Representative STEM and TEM images for (A) Au/Al2O3-DP and (B) 
Au/Al2O3-IMP with associated Au size distribution histograms. 
 
  
catalyst preparation by DP generates smaller Au particles than IMP synthesis where the 
weak metal-support interaction associated with IMP preparations results in mobility and 
agglomeration of Au species during thermal treatment [2.21]. Gold particle size 
distribution (1-9 nm, mean = 4.5 nm) on TiO2 was close to that determined for 
Au/Al2O3-DP which can be attributed to surface oxygen vacaies stabilise Au partices; 
whereas Au/ZrO2 exhibited larger Au particles (3-12 nm, mean = 7.0 nm) that can be 
linked to lower surface area relative to Au/Al2O3-DP (Table 2.2). Hydrogen 
uptake/activation is a critical catalyst property in hydrogenation applications. We have 
noted previously [2.17] that H2 chemisorption on Au/Al2O3-IMP at ambient temperature 
(<1 μmol g-1) was appreciably lower than that reported for oxide supported transition 
metals, e.g. Ni/Al2O3 (4 μmol g
-1
) and Pd/Al2O3 (24 μmol g
-1
). This follows from the 
lower capacity of supported Au to chemisorb H2, as reported for a range of Au systems 
[2.22]. Hydrogen chemisorption on supported Au is an activated process with increased 
uptake under reaction conditions (45-318 μmol gAu
-1
 at 413 K, Table 2.2). Bus et al. 
B 
<1
1.0
1-4
4.0
1-5
5.0
1-6
6.0
1-7
7.0
1-8
8.0
1-9
9.0
1-1
0
10
.01
-21 >2
1
0
10
20
30
 
d (nm) 
 
 
P
e
r
c
e
n
ta
g
e
 i
n
 r
a
n
g
e
 (
%
)
20 nm 
A 
<1
1.0
1-2
2.0
1-3
3.0
1-4
4.0
1-5
5.0
1-6
6.0
1-7
7.0
1-8  >8
0
10
20
30
40
50
 
 
P
e
r
c
e
n
ta
g
e
 i
n
 r
a
n
g
e
 (
%
)
d (nm)
 15 
[2.23] have shown that H2 chemisorption is favoured on smaller Au particles (supported 
on Al2O3) that possess a higher fraction of low coordinated Au atoms at corners and 
edge sites. This agrees with the higher uptake that we have recorded for Au/Al2O3-DP 
relative to Au/Al2O3-IMP. We should, however, note that Nakamura et al. [2.24] have 
proposed that Au
δ+
-O
δ-
-Ti sites at the Au-TiO2 interface are active for H2 dissociation 
where reactivity showed no apparent correlation with Au site coordination. 
2.3.2 Catalyst Activity and Selectivity 
0.5 1.0 1.5 2.0 2.5 3.0
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Time on-stream (h) 
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Fig. 2.4: Variation of conversion (X) and benzyl alcohol selectivity (S) with time on-
stream over Au/Al2O3-DP (■ and ×) and Au/Al2O3-IMP (● and ○): T = 413 K; n/F 
= 1.2×10
-2 
h. 
 
 
Time on-stream conversion (X) and benzyl alcohol selectivity (S) over Au/Al2O3-
DP and Au/Al2O3-IMP (under representative common reaction conditions) are 
presented in Fig. 2.4, where a temporal decline in activity was observed. Initial 
conversion (X0) can be extracted from fitting the data to the empirical relationship  
                                        
( )
( ) ( )t
t
XX
XX
h 




03
0                                                    (2.7) 
where β is a time scale fitting parameter and X3h is the conversion after 3 h on-stream. 
Initial conversion data were used to determine turnover frequency (TOF) where 
Au/Al2O3-DP delivered a significantly higher value (86 h
-1
) relative to Au/Al2O3-IMP 
(30 h
-1
). We attribute this to the occurrence of smaller Au particles at the nano-scale on 
Au/Al2O3-DP with a greater preponderance of defect (edge and corner) sites that 
enhances H2 uptake/activation (Table 2.2) and reaction. We can flag the work of Mohr 
et al. [2.25] who demonstrated structure sensitivity in the hydrogenation of acrolein 
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over Au/ZrO2 where TOF increased with decreasing particle diameter (from 8 to 4 nm). 
However, there is insufficient published data to establish any real consensus regarding 
Au size effects in carbonyl group reduction.  
Both Au/Al2O3 catalysts generated benzyl alcohol as sole product, i.e., 100% 
selectivity in promoting –C=O reduction. The influence of reaction temperature on the 
catalytic response of Au/Al2O3-DP with ethanol as carrier can be assessed from the 
entries in Table 2.3 where conversion was elevated at higher temperatures (393→423 K) 
 
Table 2.3: Initial conversion (X0) and selectivity (S0) for 
benzaldehyde hydrogenation over Au/Al2O3-DP as a function of 
contact time, reaction temperature and carrier. 
 
T 
(K) 
Carrier 
n/F×10
2 
(h) 
X0 
(%) 
S0 (%) 
benzyl alcohol 
S0 (%) 
toluene 
393 ethanol 1.2 19 100 - 
413 ethanol 1.2 27 100 - 
423 ethanol 1.2 53 92 8 
413 water 1.2 58 100 - 
413 water 9 100 100 - 
 
 
with the formation of toluene as by-product (at 423 K). We note that Saadi et al. [2.13] 
have reported preferential production of benzyl alcohol over supported Ni and Cu at low 
reaction temperature (<373 K) with the occurrence of toluene at temperatures in excess 
of 383 K. Exclusivity to the alcohol is challenging as illustrated by the reaction 
pathways shown in Fig. 2.5, where toluene formation can occur via consecutive 
hydrogenolysis of benzyl alcohol or direct conversion of benzaldehyde. Benzene results 
from scission of the aldehydic C–H bond [2.26]; there was no detectable benzene 
formation in this study. The nature of the solvent can influence activity and selectivity 
in heterogeneous catalysis, particularly in batch liquid phase reactions. Solvent effects 
in the hydrogenation of unsaturated aldehydes/ketones are associated with polarity, H2 
solubility and surface interactions [2.27,2.28]. In gas phase applications, the solvent 
serves as a carrier and possible contributions to catalyst performance have not been 
studied. Green chemistry principles highlight use of innocuous (or non-toxic) solvents 
where water utilisation as a cleaner, inexpensive and benign polar carrier is an 
important sustainability consideration. In this study, use of water as carrier resulted in a 
dramatic increase in conversion (relative to ethanol), while retaining full selectivity to 
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benzyl alcohol (Table 2.3). Moreover, an increase in the n/F parameter, which equates 
to contact time, resulted in the complete conversion of the inlet benzaldehyde feed and 
100% selectivity to the alcohol. This represents unprecedented selective hydrogenation 
efficiency with respect to the existing literature (Table 2.1) for both liquid and gas 
phase operations.  
CHO
CH2OH 
CH3
+ 2H2
+H
2
+ H
2
Benzaldehyde
Benzyl alcohol
Toluene
+H
2
Benzene  
Fig. 2.5: Reaction pathways in the hydrogenation of benzaldehyde. 
 
 
The beneficial effect of water as carrier in terms of elevated selective 
hydrogenation rate extended to Au/TiO2 and Au/ZrO2, as demonstrated in Table 2.4. 
The promotional role of water on the selective –C=O reduction in the liquid phase 
hydrogenation of crotonaldehyde over Au/CeO2 was attributed to a facilitated 
interaction of the hydrophilic –C=O moiety with surface catalytic sites [2.29]. In gas 
phase hydrogenation over supported Au the rate is limited by the available surface 
reactive hydrogen. Any additional hydrogen supply should elevate rate, as demonstrated 
Table 2.4: Initial turnover frequency (TOF) for 
benzaldehyde hydrogenation using ethanol and 
water as carrier; Reaction conditions: T = 413 K, 
n/F = 1.2×10
-2 
h. 
 
Carrier  
TOF (h
-1
) 
Au/Al2O3-DP Au/TiO2 Au/ZrO2 
ethanol 86 52 37 
water 188 98 46 
 
 
in the case of Au/Al2O3-DP that delivered higher rate relative to Au/Al2O3-IMP as a 
consequence of greater H2 uptake. Alcohol chemisorption on metal oxides can proceed 
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via interaction between the oxygen electron lone pair and a Lewis acid site on the oxide 
with H abstraction and alcoxide formation that is enhanced with increasing alcohol 
chain length [2.30]. The ethanol carrier can serve as a source of surface hydrogen but 
competitive adsorption may also result in rate inhibition due to an occlusion of active 
sites [2.27]. Possible hydrogen release via ethanol dehydrogenation can be discounted 
given Au inactivity in catalytic dehydrogenation [2.31]. Creation of surface hydrogen 
(protons) from water dissociation is promoted by Lewis acid sites on Al2O3 [2.32] and 
oxygen vacancies on TiO2 [2.33]. The abstracted protons can bond with two-coordinate 
O
2-
 sites on the support to form bridging hydroxyl groups. Buchanan and Web [2.34] 
have demonstrated that surface hydroxyl groups on Al2O3 act as a source of atomic 
‘hydrogen’ where dehydroxylated Au/Al2O3 was inactive in butadiene hydrogenation. 
Moreover, activity of Au/ZrO2 in the hydrogenation of 1,3-butadiene has been 
correlated with surface hydroxyl group density where dehydroxylated Au/ZrO2 was 
inactive and activity was partially recovered by water treatment [2.35]. We therefore 
attribute the beneficial effect of water as carrier to a facilitated surface dissociation that 
generates reactive hydrogen.  
 
2.4 Conclusion 
Gas phase hydrogenation of benzaldehyde over Au supported on Al2O3, ZrO2 and 
TiO2 was fully selective to benzyl alcohol as the target product. Increased benzaldehyde 
TOF over Au/Al2O3-DP can be associated with increased H2 uptake on well dispersed 
Au (mean = 4.3 nm) relative to synthesis by impregnation (mean = 7.9 nm), as 
confirmed by H2 chemisorption, XRD and TEM/STEM analyses. Use of an aqueous 
rather than ethanolic benzaldehyde feed delivered appreciably higher chemoselective 
rates with 100% benzyl alcohol yield. This is attributed to water dissociation on the 
catalyst, generating surface reactive hydrogen that compensates for the limited 
capability of Au to dissociate H2, with an overall increased hydrogenation rate. This 
promotional effect extends to benzaldehyde conversion over Au/ZrO2 and Au/TiO2. Our 
results represent a significant advancement over reported batch liquid and continuous 
gas phase catalytic systems for the cleaner (exclusive) sustainable high throughput 
production of benzyl alcohol. 
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Chapter 3                                                                                                           
Role of Support Redox Character on Catalytic Performance in 
Gas Phase Hydrogenation of Benzaldehyde and Nitrobenzene over 
Supported Gold Catalyst 
The previous chapter has established selective hydrogenation of benzaldehyde to 
benzyl alcohol with enhanced reaction rate using water as carrier over (Al2O3, TiO2 and 
ZrO2) supported Au catalysts. In this chapter the role of support redox property in 
determining the catalytic response for the hydrogenation of benzaldehyde and 
nitrobenzene are examined. 
3.1 Introduction 
The work of Haruta et al. [3.1] demonstrating CO oxidation activity for supported 
Au nano-particles at sub-ambient temperatures is widely credited for the current interest 
in gold catalysis. Research is now focused on factors that control activity/selectivity in 
terms of new Au catalyst formulations (e.g. Au clusters and bimetallic) [3.2-3.4], 
extending the range of applications beyond oxidation (of hydrocarbons [3.5-3.7], 
alcohols [3.8,3.9] and amines [3.10,3.11]) and into hydrogenation [3.12]. Selective 
hydrogenation of benzaldehyde to benzyl alcohol and nitrobenzene to aniline are 
important in the production of herbicides, dyes, pigments and fine chemicals [3.13, 
3.14]. Conventional processes, drawing on batch liquid phase, suffer low product yields, 
energy inefficiency and waste production [3.15]. Supported Au at the nano-scale (<10 
nm) exhibits unique selectivity in the hydrogenation of multi-functional reactants, 
although activity is significantly lower than conventional transition metals (Pt, Ru, Pd 
and Ni) [3.16] due to the limited capacity to chemisorb/activate H2 [3.17]. Catalytic 
performance of supported Au in hydrogenation of carbonyl (acrolein, benzalacetone, 
cinnamaldehyde and crotonaldehyde) [3.18] and nitro (chloronitrobenzene, nitrostyrene 
and nitrobenzaldehyde) [3.19] compounds has shown a dependence on Au particle size, 
electronic and geometric properties, which are influenced by the support. Oxides are 
used as Au carriers, where support reducibility and acidity-basicity can influence 
catalytic action. Taking crotonaldehyde hydrogenation, Okumura et al. [3.20] found that 
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Au on a reducible oxide (TiO2) delivered enhanced selectivity to the alcohol relative to 
Au/Al2O3 and Au/SiO2 but the authors did not identify the source of the distinct 
selectivity. Milone and co-workers [3.21] proposed that a reduced support (iron oxides) 
favours –C=O reduction due to the generation of electron-rich Au species via metal-
support electron transfer. Rojas et al. [3.22] concluded negatively charged Au species 
(on non-reducible SiO2) bind the electrophilic carbon in –C=O, facilitating 
hydrogenation of cinnamaldehyde and benzalacetone. In nitro reduction, the high 
selectivity exhibited by Au/TiO2 in the reduction of the –NO2 group has been attributed 
to metal-support synergy that serves to enhance –NO2 activation [3.23]. Shimizu et al. 
[3.24] considered the role of Al2O3 acidity/basicity in tandem with coordinatively 
unsaturated Au to dissociate H2 to H
+
/H
-
 at the metal/support interface and selectively 
reduce –NO2 in the presence of other reactive functionalities. In the hydrogenation of p-
chloronitrobenzene unwanted hydrodechlorination was reported for Au/Ce0.62Zr0.38O2 
and ascribed to C–Cl scission at vacancy sites [3.25]. Although Au catalysts have now 
been widely applied in selective hydrogenation, the role of support in modifying Au 
structure, reactant activation and surface reaction mechanism is far from being resolved. 
In previous work, we demonstrated higher specific benzaldehyde hydrogenation 
rate over Au/Al2O3 bearing smaller Au nano-particles (mean size from 8 to 4 nm) with 
exclusivity to benzyl alcohol [3.26]. There is, however, no real consensus regarding the 
effect of Au size on –C=O hydrogenation rate. Turnover frequency (TOF) in the 
hydrogenation of acrolein has been found to decrease with increasing metal size for Au 
diameters > 4 nm on ZrO2 [3.27] but also to increase with increasing size (1-5 nm) for 
Au/ZrO2 and Au/TiO2 [3.28]. In this study, we compare the catalytic action of Au 
nanoparticles on oxides (γ-Al2O3, ZrO2, TiO2, CeO2, α-Fe2O3 and Fe3O4) with distinct 
redox character in the hydrogenation of –C=O (benzaldehyde) and –NO2 (nitrobenzene) 
and correlate performance with catalyst structural properties. We propose surface 
reaction mechanisms to account for the role of support reducibility in governing –C=O 
and –NO2 activation and product selectivity.  
3.2 Experimental 
3.2.1 Catalyst Preparation 
The supports employed in this study were obtained from commercial sources (γ-
Al2O3 (Puralox, Condea Vista), TiO2 (P25, Degussa) and CeO2 (Grace Davison)) or 
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synthesised (α-Fe2O3, Fe3O4 and ZrO2) as described elsewhere [3.29,3.30]. The 
supported Au catalysts were prepared by deposition-precipitation using urea as 
basification agent. An aqueous solution of urea (100-fold excess) and HAuCl4 (3-7  10
-3
 
M, 400 cm
3
) was added to the support (10-30 g). The suspension was stirred and heated 
(2 K min
-1
) to 353 K, where the pH progressively increased (to 6.5-8.0) as a result of 
urea decomposition: 
                     
=353K + -
2 2 2 4 2NH -CO-NH 3H O 2NH +2OH +CO
T
 
       
           (3.1) 
The solid obtained was separated by filtration, washed with distilled water until Cl free 
(based on the AgNO3 test) and dried (2 K min
-1
) in 45 cm
3
 min
-1
 He at 373 K for 5 h. 
The catalyst precursors were sieved (ATM fine test sieves) to a mean particle diameter 
= 75 μm and activated at 2 K min-1 to 423-673 K in 60 cm3 min-1 H2. The catalysts were 
cooled to ambient temperature and passivated in 1% v/v O2/He for off-line 
characterisation. 
3.2.2 Catalyst Characterisation 
The Au content was measured by atomic absorption spectroscopy (Shimadzu AA-
6650 spectrometer with an air-acetylene flame) from the diluted extract in aqua regia 
(25% v/v HNO3/HCl). The pH associated with the point of zero charge (pHpzc) of the 
support was determined using the potentiometric mass titration technique. Three masses 
(25, 50 and 75 mg) of sample were immersed in 0.1 M NaCl (50 cm
3
) to which a known 
volume of NaOH (0.1 M) was added to adjust initial pH to 11. Titration was performed 
under continuous agitation in a He atmosphere with HCl (0.1 M) as titrant with on-line 
pH measurement (Pico Technology Ltd.). Temperature programmed reduction (TPR), 
H2 temperature programmed desorption (TPD), H2/O2 chemisorption and specific 
surface area (SSA) measurements were conducted using the CHEM-BET 3000 
(Quantachrome Instrument) unit; data acquisition/manipulation employed the TPR 
Win
TM
 software. Samples were loaded into a U-shaped Pyrex quartz cell (3.76 mm i.d.) 
and heated in 17 cm
3
 min
-1
 (Brooks mass flow controlled) 5% v/v H2/N2 at 2 K min
-1
 to 
423-673 K. The effluent gas passed through a liquid N2 trap and H2 consumption was 
monitored by a thermal conductivity detector (TCD). The activated samples were swept 
with 65 cm
3
 min
-1
 N2 for 1.5 h, cooled to ambient (or reaction (413 K)) temperature and 
subjected to H2 (10 μl) chemisorption by pulse titration with subsequent TPD at 50 K 
min
-1
 to 873-1173 K. In blank tests, there was no measurable H2 uptake on the supports 
alone. Oxygen pulse (50 μl) titration at 413 K post-TPR was employed to determine the 
 25 
extent of support reduction, where a contribution from Au to the total O2 adsorption is 
negligible [3.31]. SSA (reproducible to ±8%) was recorded in 30% v/v N2/He using N2 
as internal standard. At least three cycles of N2 adsorption-desorption were employed 
using the standard single point BET method. Pore volume measurement was conducted 
using the Micromeritics Gemini VII 2390p system. Prior to analysis, samples were 
outgassed at 423 K for 1 h in N2. Total pore volume was obtained at a relative N2 
pressure of P/P0 = 0.95. X-ray diffractograms (XRD) were recorded on a 
Bruker/Siemens D500 incident X-ray diffractometer using Cu Kα radiation. Samples 
were scanned at 0.02º step
-1
 over the range 20º ≤ 2θ ≤ 80º and the diffractograms 
identified against the JCPDS-ICDD reference standards, i.e. Au (04-0784), γ-Al2O3 (10-
0425), anatase-TiO2 (A-TiO2, 21-1272), rutile-TiO2 (R-TiO2, 21-1276), monoclinic-
ZrO2 (M-ZrO2, 37-1784), tetragonal-ZrO2 (T-ZrO2, 50-1089), CeO2 (43-1002), α-Fe2O3 
(hematite, 33-0664) and Fe3O4 (magnetite, 19-0629). X-ray photoelectron spectroscopic 
(XPS) analysis was performed on a VG ESCA spectrometer equipped with 
monochromatised Al Kα radiation (1486 eV). Sample was adhered to conducting 
carbon tape, mounted in the sample holder and subjected to ultra-high vacuum 
conditions (<10
-8
 Torr). Full range surveys (Au 4f5/2 and 4f7/2 spectra) were collected 
where the binding energies (BE) were calibrated with respect to the C 1s peak (284.5 
eV). The Au 4f spectra were fitted with abstraction of the Shirley background using the 
Gaussian-Lorentzian function in XPSPEAK 41. Gold particle morphology (size and 
shape) was examined by transmission (TEM, JEOL JEM 2011) and scanning 
transmission (STEM, JEOL 2200FS field emission gun-equipped unit) electron 
microscopy, employing Gatan Digital Micrograph 1.82 for data acquisition/ 
manipulation. Samples for analysis were dispersed in acetone and deposited on a holey 
carbon/Cu grid (300 Mesh). The surface area weighted mean Au size (d) was based on a 
count of at least 300 particles according to   
    
3
2
i i
i
i i
i
n d
d
n d


                                                                (3.2) 
where ni is the number of particles of diameter di. 
3.2.3 Catalytic Procedure 
Catalyst testing was carried out at atmospheric pressure, in situ after activation, in a 
continuous flow fixed bed tubular reactor (i.d. = 15 mm) at 413-573 K under operating 
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conditions of negligible heat/mass transport limitations. A layer of borosilicate glass 
beads served as preheating zone, ensuring the organic reactant was vaporised and 
reached reaction temperature before contacting the catalyst. Isothermal conditions (±1 
K) were maintained by diluting the catalyst bed with ground glass (75 µm). Reaction 
temperature was continuously monitored by a thermocouple inserted in a thermowell 
within the catalyst bed. Reactants (benzaldehyde (Fluka, ≥98%), nitrobenzene (Riedel-de 
Haën, ≥99%) or benzyl alcohol (Riedel-de Haën, ≥99%)) were delivered as an ethanolic 
(Sigma Aldrich, ≥99%) solution to the reactor via a glass/teflon air-tight syringe and 
teflon line using a microprocessor controlled infusion pump (Model 100 kd Scientific) at a 
fixed calibrated flow rate. The reaction was conducted in a co-current flow of reactant with 
H2 (BOC, >99.98%) at GHSV = 2 × 10
4
 h
-1
. The molar Au to inlet organic molar feed rate 
(n/F) spanned the range 1.2 × 10
-3 
- 3.7 × 10
-3
 h. In blank tests, passage of each reactant in 
a stream of H2 through the empty reactor or over the support did not result in any 
detectable conversion. The reactor effluent was condensed in a liquid nitrogen trap for 
subsequent analysis using a Perkin-Elmer Auto System XL gas chromatograph equipped 
with a programmed split/splitless injector and a flame ionization detector (FID), employing 
a DB-1 (50 m × 0.33 mm i.d., 0.20 μm film thickness) capillary column (J&W Scientific). 
Data acquisition and manipulation were performed using the TurboChrom Workstation 
Version 6.3.2 (for Windows) chromatography data system. Reactant (i) conversion (X) is 
defined by 
                                       
in out
in
i, i,
i
i,
[ ] [ ]
[ ]
reactant reactant
reactant
X


                                             
(3.3) 
and selectivity (S) to product (j) is given by 
                                       
  
out
in out
j, 
j
i, i, 
[ ]
[ ] [ ]
(%) 100
product
reactant reactant
S

 
                            
(3.4) 
where the subscripts “in” and “out” refer to the inlet and outlet gas streams. Catalytic 
activity is also quantified in terms of initial conversion obtained from the time on-stream 
measurements [3.26] and turnover frequency (TOF, rate per active site) calculated using 
Au dispersion obtained from TEM/STEM analysis [3.26]. Repeated reactions with 
different samples from the same batch of catalyst delivered raw data reproducibility and 
mass balances within ±5 %. 
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3.3 Results and Discussion 
3.3.1 Catalyst Characterisation 
3.3.1.1 Structural Characteristics and Temperature Programmed Reduction (TPR) 
Catalyst characteristics are presented in Table 3.1. Total surface areas range from 
11 m
2
 g
-1
 (Au/Fe3O4) to 166 m
2
 g
-1
 (Au/γ-Al2O3) with a corresponding  increase in  pore 
 
Table 3.1: Gold loading, specific surface area (SSA), pore volume, Au particle size from 
TEM/STEM analysis (d), H2 consumption during temperature programmed reduction (TPR) 
and requirements for reduction of the Au precursor, H2 released during temperature 
programmed desorption (TPD), O2 chemisorption, support point of zero charge (pHpzc), Au 
4f7/2 binding energy (BE) and standard redox potential (Eredox) of support. 
 
Catalyst Au/γ-Al2O3 Au/TiO2 Au/ZrO2 Au/CeO2 Au/α-Fe2O3 Au/Fe3O4 
Au loading (% w/w) 1.1 1.3 1.0 3.0 1.2 0.9 
SSA (m
2 
g
-1
) 166 44 93 108 57 11 
Pore volume (cm
3 
g
-1
) 0.36 0.12 0.13 0.15 0.16 0.02 
d (nm) 4.3 4.5 7.0 2.0 2.6 7.6 
TPR H2 consumption 
(µmol g
-1
) 
87
a
/84
b
 126
a
/91
b
 56
a
/61
b
 553
a
/231
b
 750
a
/93
b
 500
a
/90
b
 
H2 desorbed  
(mmol gAu
-1
) 
51 9 28 6 4 <1 
O2 uptake (µmol g
-1
) 1 5 3 132 168 58 
pHpzc 7.1 6.7 7.4 6.8 8.1 5.8 
Au 4f7/2 BE (eV) 83.3 83.5 83.6 84.7 84.2 84.1 
Eredox (V) -1.7 -0.6 -1.5 1.6 0.8 0.1 
a
value obtained from TPR analysis  
b
calculated value for Au
3+
 → Au0 
 
 
volume (0.02-0.36 cm
3
 g
-1
). The values obtained for each catalyst fall within the range 
reported in the literature for comparable systems [3.32-3.35]. The TPR profiles of the 
supported Au catalyst precursors and the corresponding supports are given in Fig. 3.1. 
TPR of Au/γ-Al2O3 (AI) and Au/ZrO2 (CI) generated positive signals with associated 
temperature maxima (Tmax) at 451 and 476 K, where H2 consumption matched the 
requirement for Au
3+
 reduction to Au
0
 (Table 3.1). The profiles generated for γ-Al2O3 
and ZrO2 over the same temperature range were featureless with no evidence of H2 
uptake or release, as noted elsewhere [3.33]. Activation of Au/TiO2 (BI) and Au/CeO2 
(DI) presented H2 consumption peaks at lower temperatures, i.e. Tmax = 364 and 420 K, 
respectively. This is consistent with the work of Delannoy et al. [3.36] who examined 
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the effect of support redox character on Au reducibility and reported more facile 
reduction on TiO2 and CeO2 relative to Al2O3. Hydrogen consumed during TPR of 
Au/TiO2 exceeded the amount required for the Au
3+
 → Au0 (Table 3.1) and can be 
attributed to a combined Au reduction with Ti
4+
 conversion to Ti
3+
 at the metal/support 
 
300 350 400 450
 3


(EII)
389 K
(EI)
 
400 600 800 1000
 
T (K) T (K) T (K)
300 400 500 600 700
 3


(FII)563 K
(FI)
  
400 600 800 1000 1200
 
1061 K
970 K
300 400 500 600
 3

(DII)
420 K
(DI)
T
C
D
 s
ig
n
a
l 
(a
.u
.)
 
 400 600 800 1000 1200
 
709 K
1148 K
300 400 500


(BII)
(BI)
364 K
T
C
D
 s
ig
n
a
l 
(a
.u
.)
 
 400 600 800 1000
 
T
C
D
 s
ig
n
a
l 
(a
.u
.)
T
C
D
 s
ig
n
a
l 
(a
.u
.)
300 400 500 600
(CII)
476 K
(CI)
T
C
D
 s
ig
n
a
l 
(a
.u
.)
 
 400 600 800 1000


 
T (K)T (K)T (K)
T (K) T (K)T (K)
T (K)T (K)
300 400 500 600


(AII)
451 K
T
C
D
 s
ig
n
a
l 
(a
.u
.)
 
 
(AI)
400 600 800 1000
 
T (K)
T
C
D
 s
ig
n
a
l 
(a
.u
.)
T
C
D
 s
ig
n
a
l 
(a
.u
.)
T
C
D
 s
ig
n
a
l 
(a
.u
.)
742 K
 
Fig. 3.1: Temperature programmed reduction (TPR) profiles for (I) supported Au 
samples (solid lines) and (II) the corresponding supports (dotted lines): (A) γ-
Al2O3, (B) TiO2, (C) ZrO2, (D) CeO2, (E) α-Fe2O3 and (F) Fe3O4.  
 
 
interface [3.37]. The bare TiO2 support did not exhibit a detectable TPR response (BII). 
In contrast, the same treatment of CeO2 generated two broad signals at 742 K and 1148 
K (DII) that can be ascribed to surface (523-848 K [3.38]) and bulk  (>1073 K [3.38]) 
reduction. Hydrogen consumed during the activation of Au/CeO2 far exceeded the 
requirements for Au precursor reduction (Table 3.1) but was significantly lower than 
that needed for full reduction of the CeO2 carrier (3300 mol g
-1
), suggesting partial 
support reduction where the incorporation of Au on CeO2 lowered the requisite 
temperature [3.39]. TPR of Au/Fe2O3 (EI) resulted in H2 consumption at Tmax = 389 K 
that exceeded Au
3+
 reduction but was less than the requirement for reduction of Fe2O3 
to Fe3O4 (2100 mol g
-1). The TPR profile of α-Fe2O3 (EII) is characterised by a 
positive signal at 709 K with a broader consumption at T >800 K, suggesting a two-
stage reduction of hematite, i.e. α-Fe2O3 → Fe3O4 → Fe. The TPR response for 
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Au/Fe3O4 (FI) reveals a shift in Tmax relative to the support (FII). The excess H2 
consumed (Table 3.1) fell below that for conversion of Fe3O4 to Fe (17000 mol g
-1
), 
indicating partial support reduction. Our results demonstrate that Au incorporation 
facilitates reduction of ceria and iron oxide supports. Jacobs et al. [3.40] have 
established partial CeO2 reduction by spillover hydrogen generated by dissociative 
adsorption (373 K) on supported Au (0.1-5% w/w) that spills onto support. Furthermore, 
Scire and co-workers [3.41] proposed that Au can weaken the Fe-O bond in iron oxide 
substrates (413 K) resulting in greater lattice oxygen mobility and enhanced reducibility.  
 
0 300 600 900 1200 1500
(F)
699 K
 
 
 
300
600
900
1200
 
T
 (K
)
0 300 600 900 1200
873 K
(E)
696 K
575 K
 
 
300
600
900
1200
 
0 300 600 900 1200
(D)
817 K
  
 
300
600
900
1200
 
T
 (K
)
T
 (K
)
0 300 600 900 1200 1500
(C)
903 K
692 K
 
 
 
300
600
900
1200
 
0 300 600 900 1200
(B)
715 K
 
 
300
600
900
1200
 
0 2000 4000 6000
(A)
 
300
600
900
1200
1173 K958 K  
T
C
D
 s
ig
n
a
l 
(a
.u
.)
T
C
D
 s
ig
n
a
l 
(a
.u
.)
T
C
D
 s
ig
n
a
l 
(a
.u
.)
T
 (K
)
T
 (K
)
T
 (K
)
t (s) t (s)t (s)
t (s)t (s)t (s)
T
C
D
 s
ig
n
a
l 
(a
.u
.)
T
C
D
 s
ig
n
a
l 
(a
.u
.)
T
C
D
 s
ig
n
a
l 
(a
.u
.)
Fig. 3.2: Hydrogen temperature programmed desorption (TPD) profiles: (A) Au/γ-
Al2O3, (B) Au/TiO2, (C) Au/ZrO2, (D) Au/CeO2, (E) Au/α-Fe2O3, (F) Au/Fe3O4.  
 
 
3.3.1.2 H2 Temperature Programmed Desorption (TPD) and O2 Chemisorption 
We have applied temperature programmed desorption as a measure of surface 
hydrogen that can allow a differentiation between chemisorbed and spillover species 
where both can serve as reactive hydrogen for hydrogenation. The TPD profiles 
generated for all the catalysts are shown in Fig. 3.2. The available literature suggests a 
lower temperature requirement for H2 desorption from metal sites (<473 K) compared 
to release of the spillover (>503 K) [3.42]. A predominant H2 desorption at T >575 K 
was observed for all the catalysts in this work, suggesting the main contribution is due 
to spillover. Hydrogen desorption (up to 51 mmol gAu
-1
, Table 3.1) was at least two 
orders of magnitude greater than that measured (<60 μmol gAu
-1
) in pulse 
chemisorption, suggesting that the surface hydrogen was generated during TPR. As a 
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general observation, H2 release from Au supported on non-reducible supports (28-51 
mmol gAu
-1
) was significantly greater than that recorded for Au on reducible carriers (≤9 
mmol gAu
-1
). The greater H2 desorption from Au/Al2O3 relative to Au/ZrO2 can be 
attributed (at least in part) to the higher SSA of Al2O3 which can accommodate more 
spillover. Moreover, surface oxygen groups (terminal hydroxyls) and Lewis acid sites 
on Al2O3 are known to facilitate spillover hydrogen [3.30]. There is compelling 
evidence in the literature for hydrogen spillover onto Al2O3 from supported metals (Ru, 
Pt, Pd and Ni) [3.42-3.45]. The extent of spillover is influenced by such factors as 
concentration of initiating and acceptor sites, catalyst activation and metal-support 
interaction(s) [3.42]. Consumption of spillover hydrogen in partial reduction of titania, 
ceria and iron oxide can account for the observed lower levels of H2 desorption.   
We employed O2 chemisorption post-TPR as a measure of support reduction [3.31]. 
Gold on CeO2, α-Fe2O3 and Fe3O4 exhibited greater O2 uptake (Table 3.1) than that 
measured for Au on TiO2, γ-Al2O3 and ZrO2. The difference in O2 adsorption can be 
correlated with support redox capacity, where the former group shows higher redox 
potentials (Eredox) (Table 3.1). Increasing O2 chemisorption coincided with a greater 
excess H2 consumption during TPR due to partial support reduction with the formation 
of oxygen vacancies. Oxygen deficient sites can be generated by the loss of lattice 
oxygen from reducible metal oxides during thermal treatment in H2 or CO [3.46]. 
Boccuzzi et al. [3.47,3.48], using FTIR spectroscopy, demonstrated H2 dissociation on 
Au supported on Fe2O3, TiO2 and CeO2 with spillover that resulted in surface reduction 
and the occurrence of oxygen vacancies. Formation of Ce
3+
 defects and surface oxygen 
vacancies in Au/CeO2-Fe2O3 has also been linked to the action of reactive spillover 
hydrogen [3.49].   
3.3.1.3 X-ray Diffraction (XRD) and Electron Microscopy Analysis 
Structural analysis by XRD generated the diffractograms presented in Fig. 3.3. A 
weak signal due to metallic Au was observed at 2θ = 38.1 ± 0.1° for Au/ZrO2 and 
Au/Fe3O4 (see inset). This diffraction peak is masked by stronger signals due to the 
support for Au/γ-Al2O3 and Au/TiO2. There was no detectable signal due to Au 
associated in Au/CeO2 and Au/Fe2O3 suggesting formation of Au particles at the nano-
scale below detection limit (<5 nm) [3.50]. The XRD pattern of Au/γ-Al2O3 is 
characterised by peaks at 2θ = 37.6°, 39.5°, 45.9° and 67.0° due to γ-Al2O3. XRD 
analysis of Au/TiO2 revealed a mixture of tetragonal anatase (2θ = 25.3°, 37.8°, 48.1° 
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and 62.8°) and tetragonal rutile (2θ = 27.4°, 36.1°, 41.2°, 54.3°, 56.6°, 69.0° and 69.8°) 
phases, where the anatase : rutile ratio (5:1) matches the reported Degussa P25 
composition [3.51]. Au/ZrO2 shows a mixed monoclinic (2θ = 28.2°, 31.5°, 34.2°, 
34.4°, 35.3°, 40.8°, 49.3°, 50.2°, 50.6° and 55.6°) and tetragonal (2θ = 30.3°, 35.3°, 
50.4°, 50.7°, 59.6° and 60.2°) phase with monoclinic/tetragonal ≈ 2. Zirconia phase 
composition is sensitive to synthesis route and calcination temperature with ratios in the 
range (1.2-3.2) reported for comparable ZrO2 preparation and pre-treatment [3.33]. The 
XRD patterns of Au on CeO2, α-Fe2O3 and Fe3O4 (Fig. 3.3(D-F)) matched those of the 
supports and we can discount bulk reduction, i.e. CeO2 → Ce2O3, Fe2O3 → Fe3O4 
and/or Fe3O4 → FeO. 
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Fig. 3.3: XRD patterns for activated/passivated (A) Au/γ-Al2O3, (B) Au/TiO2, (C) 
Au/ZrO2, (D) Au/CeO2, (E) Au/α-Fe2O3 and (F) Au/Fe3O4; reference JCPDS-ICDD 
patterns (see card No in section 2.2) are included for Au, γ-Al2O3, rutile (R-TiO2), 
anatase (A-TiO2), tetragonal ZrO2 (T-ZrO2), monoclinic ZrO2 (M-ZrO2), α-Fe2O3 
(hematite), Fe3O4 (magnetite).  
 
 
Gold particle morphology was probed by TEM/STEM and the representative 
images in Fig. 3.4 reveal quasi-spherical particles at the nano-scale. Surface area 
weighted mean Au size was obtained from the size distribution histograms and are 
recorded in Table 3.1. Gold on γ-Al2O3 and TiO2 exhibits similar mean size (4.3-4.5 
nm) with size distributions in 1-8 and 1-9 nm, respectively. Appreciably larger Au 
particles (3-12 nm, mean = 7.0 nm) are observed on ZrO2, consistent with that reported 
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by Mohr et al. [3.27] for the preparation of Au/ZrO2 by deposition-precipitation. The 
CeO2 and Fe2O3 redox supports show much narrower Au size distributions (≤5 nm) and 
smaller mean diameters (2.0-2.6 nm). A wider Au size range was measured for 
Au/Fe3O4 with a mean = 7.6 nm but the majority of Au particles are <10 nm, which has 
 
 
 
Fig. 3.4: Representative TEM/STEM images for (A) Au/γ-Al2O3, (B) Au/TiO2, (C) 
Au/ZrO2, (D) Au/CeO2, (E) Au/α-Fe2O3 and (F) Au/Fe3O4 with associated Au size 
distribution histograms. 
 
 
been demonstrated critical for hydrogenation activity [3.50]. Support charge density, 
which is reflected in the pH point of zero charge (pHpzc), determines precursor-support 
interaction in synthesis by deposition-precipitation and can govern ultimate Au size 
post-TPR. Where solution pH < pHpzc, the support bears a positive charge favouring 
interaction with anionic Au species (AuCl4
-
 and/or Au(OH)Cl3
-
). Conversely, where 
solution pH > pHpzc, the Au precursor and support experience repulsive effects due to 
the negative surface charge, resulting in weaker Au-support interaction that can lead to 
Au agglomeration during activation [3.52]. Solution pH controls AuCl4
-  
hydrolysis rate 
via substitution of Cl
-
 by OH
-
 where Au(OH)4
-
 predominates at the final pH (6.5-8.0) 
[3.53]. Support pHpzc values are given in Table 3.1 where the appreciably lower value 
for Fe3O4 (5.8) does not favour interaction with (anionic) Au precursor species and can 
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account for the lower Au loading and larger particle size (Table 3.1). Support oxygen 
vacancies stabilise transition metal nanoparticles and inhibit sintering [3.54], which may 
result in the formation of smaller Au particles on -Fe2O3 and CeO2.  
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Fig. 3.5: XPS profiles for (A) Au/γ-Al2O3, (B) Au/TiO2, (C) Au/ZrO2, (D) Au/CeO2, 
(E) Au/α-Fe2O3 and (F) Au/Fe3O4; experimental data are given by ■ where lines 
represent the fits with peak deconvolution.  
 
 
3.3.1.4 X-ray Photoelectron Spectroscopy (XPS) Analysis 
XPS measurements were conducted to probe support effects in modifying Au 
electronic character. The XPS profiles over the Au 4f binding energy (BE) region are 
presented in Fig. 3.5. The signals with BE in the 83.7-84.0 eV and 87.8-88.2 eV ranges 
can be attributed to Au 4f7/2 and 4f5/2 levels, respectively [3.55]. The Au 4f7/2 BE for 
Au/γ-Al2O3 (83.3 eV), Au/TiO2 (83.5 eV) and Au/ZrO2 (83.6 eV) agrees with values 
reported for Au/Al2O3 (83.1 eV) [3.56] and Au/TiO2 (83.0 eV) [3.57] but fall below the 
reference metallic Au (84.0 eV) [3.56], suggesting electron donation from the support 
[3.58]. Gold on reducible CeO2, α-Fe2O3 and Fe3O4 (Eredox > 0, Table 3.1) exhibits 
measurably higher Au 4f7/2 BE consistent with values published for Au/CeO2 (84.5 eV) 
[3.59], Au/Fe2O3 (84.4 eV) [3.60] and Au/Ce0.62Zr0.38O2 (84.5 eV) [3.25] but lower than 
Au
+
 (85.8-86.0 eV) [3.55]. This response suggests a partial positive charge (Au
δ+
) for 
Au/CeO2 where electron transfer (Au
0
 + Ce
4+
 → Au+ + Ce3+) [3.61] modifies Au 
electronic structure. The data presented in Fig. 3.6 suggests a direct dependence of Au 
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4f7/2 BE on support redox potential, where electron transfer from Au is facilitated by 
carriers with higher potential. This is the first reported correlation of Au 4f7/2 BE shift to 
support redox properties. Gold electronic structure is also dependent on Au cluster size 
where the BE shift is more pronounced with decreasing coordination number [3.62]. 
The occurrence of small particles on Au/CeO2 and Au/Fe2O3 can also contribute to a BE 
shift to higher values.  
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Fig. 3.6: Dependence of Au 4f7/2 binding energy (BE) on the standard redox 
potential (Eredox) of the oxide supports: (A)  Au/γ-Al2O3, (B) ◄ Au/TiO2, (C) ► 
Au/ZrO2, (D) ▲ Au/CeO2, (E) ▼ Au/α-Fe2O3, (F) ■ Au/Fe3O4.  
 
 
 
Fig. 3.7: (I) Benzaldehyde (T = 413 K, n/F = 1.2 × 10
-3
 h) and (II) nitrobenzene (T = 
413 K,  n/F = 3.7 × 10
-3
 h) turnover frequency (TOF) as a function of Au particle 
size (d): (A)  Au/γ-Al2O3, (B) ◄ Au/TiO2, (C) ► Au/ZrO2, (D) ▲ Au/CeO2, (E) 
▼ Au/α-Fe2O3, (F) ■ Au/Fe3O4.  
3.3.2 Catalytic Activity/Selectivity 
Benzyl alcohol was the sole product detected in the hydrogenation of benzaldehyde, 
demonstrating exclusive reduction of the carbonyl function with no hydrogenolytic 
reaction or phenyl ring reduction [3.63]. In contrast, benzaldehyde conversion over Cu 
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and Ni (on SiO2, Al2O3, TiO2, CeO2 and ZrO2) has resulted in –C=O hydrogenolysis (to 
toluene) and/or C–C scission (to benzene) in continuous gas phase operation under 
similar reaction conditions (373-623 K) [3.63,3.64]. The relationship between Au 
particle size (d) and benzaldehyde turnover frequency (TOF) is shown in Fig. 3.7(I) for 
reaction at 413 K. An increase in TOF is evident with decreasing Au particle size over 
the 4-8 nm range which can be linked to increased H2 uptake at under reaction 
conditions (<1→ 318 μmol gAu
-1
). The highest specific rate was recorded for Au/γ-
Al2O3 with no detectable activity for catalysts bearing the smallest Au sizes (Au/α-
Fe2O3 and Au/CeO2). It has been established that Au exhibits a metal to insulator 
transition for particles ≤2 nm and decreasing hydrogenation activity over smaller Au 
particles (5→1 nm) has been ascribed to a critical loss of metallic character [3.28]. 
Although there is insufficient published data to arrive at any reliable trends regarding 
Au size effects in –C=O hydrogenation, we can note the reported decrease in acrolein 
TOF over Au/ZrO2 for Au diameters >4 nm [3.27] and increase with increasing Au size 
(1-5 nm) over Au/ZrO2 and Au/TiO2 [3.28]. In contrast to the benzaldehyde reaction, 
each catalyst was active in nitrobenzene hydrogenation (Fig. 3.7(II)) with a TOF 
maximum at ca. 4 nm (Au/γ-Al2O3). The greater reactivity of the nitro-reactant agrees 
with the results of Arai et al. [3.65] where a six-fold higher rate was recorded for 
nitrobenzene hydrogenation (over Pt/Al2O3) relative to benzaldehyde which can be 
linked to  reaction thermodynamics where nitrobenzene to aniline (∆G413 K = -436 ± 1 kJ 
mol
-1
) is more thermodynamically favourable than benzaldehyde hydrogenation to 
benzyl alcohol (∆G413 K = -24 ± 2 kJ mol
-1
).  
 
 
 
Fig. 3.8: Dependence of turnover frequency (TOF) on the standard redox potential 
of the oxide supports in (I) benzaldehyde and (II) nitrobenzene hydrogenation; (A) 
 Au/γ-Al2O3, (B) ◄ Au/TiO2, (C) ► Au/ZrO2, (D) ▲ Au/CeO2, (E) ▼ Au/α-
Fe2O3, (F) ■ Au/Fe3O4.  
 
-2 -1 0 1 2
40
60
80
100
120
 (II)
(F)
(E)
(D)
(C)
(B)
(A)
T
O
F
 (
h
-1
)
E
 redox
 (V)
-2 -1 0 1 2
0
20
40
60
80
100
(I)
E
 redox
 (V)
(D)(F) (E)
(C)
(B)
 
 
T
O
F
 (
h
-1
)
(A)
 36 
 
The possible role of support reducibility was probed where TOF increased at lower 
redox potential (Fig. 3.8). Au/ZrO2 deviates somewhat from the general trend, which 
we tentatively attribute to the occurrence of larger Au particles (>10 nm, see Fig. 3.4(C)) 
on ZrO2 that show little activity in hydrogenation. Lower TOF at higher redox potential 
suggests that enhanced support reducibility with associated oxygen vacancy formation 
does not favour –C=O or –NO2 activation for reaction. Oxygen vacancies can strongly 
bind adsorbed oxygenated species [3.66]. The higher relative density of oxygen 
vacancies (see O2 uptake in Table 3.1) on ceria and iron oxides supported Au can 
suppress –C=O and –NO2 activation/conversion and lower reactivity. In contrast, less 
oxygen vacancies on γ-Al2O3, TiO2 and ZrO2 supported Au results in enhanced 
reactivity and higher TOF. Correlation of Au charge (from Au 4f7/2 BE) with catalytic 
response suggests that negatively charged (Au
δ-
) species on Al2O3, TiO2 and ZrO2 
exhibit higher activity. This is consistent with published studies [3.22,3.67] that have 
shown –C=O activation/reduction to the alcohol is facilitated on negatively charged Au. 
Lower activity for Au
δ+
 (on α-Fe2O3, Fe3O4 and CeO2) must result from a partial 
repulsion with –C=O and binding to surface oxygen vacancies that suppresses reactivity.  
 
Table 3.2: Effect of reaction temperature on turnover frequency (TOF) 
and product selectivity (Sproduct, %) for the reaction of benzaldehyde over 
Au/γ-Al2O3, Au/Fe3O4 and Au/CeO2. 
 
Catalyst 
T 
(K) 
TOF 
(h
-1
) 
S benzene 
(%) 
S toluene 
(%) 
S benzyl alcohol 
(%) 
Au/γ-Al2O3 413 82 0 0 100 
 473 126 0 70 30 
 573 258 71 21 8 
Au/Fe3O4 413
a
 - - - - 
 473 192 10 90 0 
 573 378 21 79 0 
Au/CeO2 413
a
 - - - - 
 473 8 0 100 0 
 573 49 20 80 0 
a
no detectable activity 
 
 
Given the negligible benzaldehyde hydrogenation activity exhibited by catalysts 
bearing smaller (<4 nm) and larger (>7 nm) Au particles at 413 K, we evaluated the 
effect of reaction temperature on rate and selectivity delivered by Au/CeO2 and 
Au/Fe3O4, which are compared with Au/γ-Al2O3 in Table 3.2. An increase in TOF was 
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observed at higher temperature. A switch from exclusive –C=O hydrogenation (to 
benzyl alcohol) at 413 K to hydrogenolysis (to toluene) at 473 K and a predominant 
aryl-carbonyl C–C hydrogenolysis (to benzene) at 573 K over Au/γ-Al2O3 suggest 
increased temperature (473-573 K) facilitates activation/scission of –C=O and C–C for 
hydrogenolytic cleavage. Higher temperature (to 498 K) has been shown to favour 
benzaldehyde hydrogenolysis to toluene and benzene over Cu/Al2O3 [3.64] and Ni/SiO2 
[3.68] in gas phase reaction. Benzaldehyde hydrogenation to benzyl alcohol was not 
observed over Au/Fe3O4 and Au/CeO2 at any reaction temperature (Table 3.2). 
Increased reaction temperature generated toluene as principal product with enhanced 
selectivity to benzene at 573 K (Table 3.2). This response suggests that Au on redox 
supports exhibits dominant hydrogenolytic character. Reaction of benzyl alcohol as 
feedstock (at 573 K) generated toluene as principal product and benzaldehyde (with no 
detectable benzene) over Au/Fe3O4 at a similar TOF to that recorded for the 
benzaldehyde reaction (Table 3.3). This suggests that production of toluene from 
benzaldehyde can result from direct hydrogenolysis or consecutive conversion of benzyl 
alcohol, whereas benzene is generated from aldehyde hydrogenolysis. Au/CeO2 
delivered an appreciably lower benzyl alcohol TOF relative to benzaldehyde, suggesting 
a limited contribution from stepwise conversion of the aldehyde via the alcohol. The 
occurrence of benzaldehyde as product may be attributed to oxidative dehydrogenation, 
as proposed by Vannice and Poondi for reaction over Pt/TiO2 [3.69]. This step can 
involve the catalytic action of surface or lattice oxygens associated with the support and 
the higher aldehyde selectivity exhibited by Au/CeO2 (Table 3.3) can be due to greater 
oxygen mobility relative to Fe3O4, as inferred from TPR measurements in tandem with 
O2 chemisorption.  
 
Table 3.3: Benzyl alcohol turnover frequency (TOF) and 
product selectivity (Sproduct, %) for reaction over Au/Fe3O4 and 
Au/CeO2: T = 573 K. 
 
Catalyst 
TOF 
(h
-1
) 
S benzene 
(%) 
S toluene 
(%) 
S benzaldehyde 
(%) 
Au/Fe3O4 364 0 95 5 
Au/CeO2 17 8 17 75 
 
Surface oxygen vacancies have been proposed as active sites in a range of 
applications from automobile exhaust treatment [3.70], water-gas shift [3.71] to steam 
reforming of oxygenates [3.72]. There is ample evidence that oxygen vacancies can act 
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to stimulate a Mars and van Krevelen (MvK) catalytic mechanism with catalyst surface 
reduction (oxygen depletion) and re-oxidation (oxygen generation) [3.73]. We propose 
the involvement of oxygen vacancies in catalytic hydrogenation following a reversible 
MvK reaction mechanism, as illustrated in Fig. 3.9. Oxygen vacancies act as strong 
anchoring sites for the carbonyl group [3.74], inhibiting reactivity (step C, Fig. 3.9(I)). 
The stabilised carbonyl function at oxygen vacancies can be activated at elevated 
temperature (473 K) with hydrogen scission of the –C=O bond generating toluene via 
hydrogenolysis (step D and E, Fig. 3.9(I)). Higher temperature facilitates C–C activation 
with hydrogen cleavage to give benzene (step F). In contrast, the mode of adsorption on 
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Fig. 3.9: Proposed reaction mechanism for (I) benzaldehyde and (II) nitrobenzene 
hydrogenation over Au on reducible supports; M = Ce or Fe. 
non-reducible surfaces (e.g. Al2O3) via the carbonyl function (step A and B, Fig. 3.10) 
results in low temperature (413 K) hydrogenation to the alcohol. DFT calculations have 
shown that the perpendicular adsorption mode is the most stable
 
configuration with –C=O 
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Fig. 3.10: Proposed reaction mechanisms for benzaldehyde hydrogenation over 
Au/γ-Al2O3 (M = Al) at different reaction temperatures.  
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bonded to the metal oxide surface via the O lone pair that acts as Lewis base [3.75]. 
FTIR analysis has demonstrated that strong surface Lewis acid sites on Al2O3 promote –
C=O activation in the hydrogenation of nitrobenzaldehyde [3.76]. Activation and 
scission of –C–OH (step C, Fig. 3.10), –C=O (step D) and aryl-carbonyl C–C (step E 
and F) was again promoted at elevated temperature (473-573 K). In the nitrobenzene 
reaction, nitro group interaction with oxygen vacancies via the oxygen lone pair (Fig. 
3.9(II)) has been proposed [3.77]. Attachment to oxygen vacancies also serves to 
stabilise the nitro group with resultant lower reaction rates but the higher reactivity of 
the –NO2 function (relative to –C=O) results in measurable activity for each catalyst at 
413 K. Interaction of –NO2 with oxygen vacancy results in N–O bond dissociation to 
nitrosobenzene (step C, Fig. 9(II)) with subsequent reduction to a phenylhydroxylamine 
intermediate (step D) and aniline formation (step E) [3.73]. As in the case of carbonyl 
group activation, weak adsorption of –NO2 on a non-reducible surface generated higher 
rates.  
3.4 Conclusion 
We have demonstrated that oxide support redox property governs catalytic 
performance of nano-scale (2-8 nm) supported Au in the reduction of –C=O 
(benzaldehyde) and –NO2 (nitrobenzene). Temperature programmed reduction (TPR) 
coupled with oxygen chemisorption has established partial support (TiO2, CeO2, α-
Fe2O3 and Fe3O4) reduction due to the action of spillover hydrogen generated by H2 
dissociation on Au. XPS analysis provided evidence of electron interaction between Au 
and the oxide carriers. Increasing reaction rates were observed with decreasing Au size 
(from 8 to 4 nm) with measurably lower rates over Au <3 nm. Gold on reducible 
supports (CeO2, α-Fe2O3 and Fe3O4 where Eredox > 0) exhibited lower benzaldehyde and 
nitrobenzene TOF relative to Au/γ-Al2O3, Au/ZrO2 and Au/TiO2 (Eredox <0) which we 
attribute to inhibition due to the action of surface oxygen vacancies. Moreover, 
repulsion of –C=O and –NO2 functions at Au
δ+
 sites served to lower hydrogenation rate. 
There was no measurable benzaldehyde hydrogenation activity over Au/CeO2, Au/α-
Fe2O3 and Au/Fe3O4 at 413 K. Reaction at higher temperatures generated toluene as 
principal product with secondary benzene formation and no detectable alcohol product. 
In contrast, reaction over Au/γ-Al2O3 resulted in exclusive benzyl alcohol formation at 
413 K with a progressive shift in hydrogenolysis selectivity (to toluene and benzene) at 
higher temperatures.  
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Chapter 4                                                                                                
Gold Promoted Imine Formation by Selective Gas Phase 
Reductive Coupling of Nitrobenzene with Benzaldehyde 
In the previous chapters, selective hydrogenation of benzaldehyde and nitrobenzene 
to benzyl alcohol and aniline has been established over supported Au catalysts. This 
chapter evaluates the feasibility of imine (N-benzylideneaniline) synthesis by gas-phase 
reductive coupling of nitrobenzene with benzaldehyde using nano-scale supported Au. 
4.1 Introduction 
Tandem catalytic coupling processes that combine multi-step reactions in one 
‘‘pot” enhance process efficiency by minimising reaction steps with maximum catalyst 
utilisation [4.1]. Tandem coupled systems involving cyclisation [4.2], cycloaddition 
[4.3] and Michael-aldol [4.4] reactions have drawn on homogeneous catalysis. The 
requirement for catalyst separation and reuse limits efficiency but this can be 
circumvented by switching to heterogeneous catalysis. Solid catalysts (montmorillonite 
[4.5], β-zeolite [4.6], NaAlO2 [4.7], Rh/Zr-β-zeolite [4.8] and Pd/MgO [4.9]) have been 
used in pressurised (up to 5 bar) batch liquid phase tandem reactions for the synthesis of 
ethers, glycidol, alkylcyclohexanols and nabumetone. Continuous gas phase operation 
has clear benefits in terms of reduced downtime and higher throughout but there is 
limited work on catalytic tandem reactions [4.10-4.12]. We can flag butanol synthesis 
(13% yield) via a tandem gas phase hydroformylation-hydrogenation of propene and 
synthesis gas over a SiO2 supported Ru complex (Shvo catalyst) and supported Rh 
catalyst [4.10] and ethylene dimerization-isomerization to 2-butene over supported Ni 
[4.12]. 
 
Imines, widely used as organic intermediates in the manufacture of fine chemicals, 
pharmaceuticals and agrochemicals [4.13], are typically prepared by multi-step 
processes via amine synthesis from the corresponding nitro-reactant [4.14]. 
Dehydrogenative condensation of alcohols with amines to give imines has been 
established in liquid phase [4.15-4.19] with promising results achieved over supported 
Au [4.20,4.21]. Selectivities up to 99% have been reported in batch imine synthesis over 
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hydroxyapatite [4.20] and TiO2 [4.21] supported Au by coupled reaction of alcohols 
(benzyl alcohol, cinnamyl alcohol and 1-phenylethanol) with aniline, 1-hexylamine and 
benzylamine. Oxidative condensation of benzylamines has been studied in liquid phase 
operation (T = 373 K, PO2 = 5 bar) with exclusivity to imines achieved over (Al2O3, 
TiO2, carbon and graphite) supported Au [4.22,4.23]. The multi-step process (nitro → 
amine → imine) requiring conventional multiple reactor operation is still a decided 
drawback. Use of nitrocompounds as feedstock in the coupled system can increase 
efficiency by incorporating the nitro → amine reduction step (Fig. 4.1, step (I)) in the 
overall process. 
 
NO2 NH2
CHO
N= HC NHH2C
CH2OH
+ H2+ 3H2
+ H2 + H2
Nitrobenzene Aniline Imine (N-Benzylideneaniline) Amine (N-Benzylaniline)
Benzaldehyde Benzyl alcohol
(I) (II) (III)
(IV)
(VI)
(V)
+ 2H2
CH3
Toluene
 
Fig. 4.1: Reaction scheme for the reductive coupling of nitrobenzene with 
benzaldehyde. 
 
 
Application of supported Au catalysts in one-pot reductive coupling has not been 
examined in detail and we could not find any report of nitroarene-aldehyde gas phase 
reductive coupling. Santos et al. [4.24] demonstrated one-step synthesis of imine from 
substituted (vinyl and brominated) nitrobenzene and aromatic aldehydes (benzaldehyde 
and cinnamaldehyde) over Au/TiO2 in batch liquid phase (T = 393 K, PH2 = 4-12 bar). 
We herein evaluate the viability of imine preparation by gas phase continuous reductive 
coupling of nitrobenzene and benzaldehyde (as model reactants) over Au. As illustrated 
in Fig. 4.1, nitrobenzene reduction is a critical step in determining imine production as 
it supplies aniline for the condensation reaction. We have previously reported Au 
particle size and support nature (reducibility) played a crucial role in determining 
catalytic activity of –NO2 reduction over supported Au catalysts [4.25]. We have 
considered the role of support reducibility on performance using a series of oxides 
(TiO2, Fe2O3, Al2O3, ZrO2 and MgO). Supported Pd is a commercial catalyst for 
nitrobenzene hydrogenation to aniline and has been utilised in reductive coupling 
reaction [4.26]. Selective nitroarene adsorption via the –NO2 function on TiO2 and the 
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metal-TiO2 interface serves to enhance amine production rate [4.27], we have included 
Pd/TiO2 as a benchmark. It has been shown utilisation of sequential catalyst beds to 
promote tandem gas phase hydroformylation-hydrogenation [4.10]. We evaluate the 
efficacy of multiple catalyst bed on enhancing the target imine yield in this study. 
4.2 Experimental 
4.2.1 Catalyst Preparation and Activation 
The supports employed in this study were obtained from commercial sources (γ-
Al2O3 (Puralox, Condea Vista), TiO2 (P25, Degussa) and MgO (Sigma-Aldrich)) or 
synthesised (α-Fe2O3 and ZrO2) following the procedures described in detail elsewhere 
[4.28,4.29]. Gold on MgO was prepared by impregnation of MgO (10 g) with aqueous 
HAuCl4 (Sigma-Aldrich, 99%, 5  10
-2
 M, 50 cm
3
). The slurry was heated (at 2 K min
-1
) 
to 353 K under vigorous stirring (600 rpm) and maintained in a He purge for 5 h. Gold 
incorporation (on γ-Al2O3, TiO2, α-Fe2O3 and ZrO2) was prepared by deposition-
precipitation with urea as basification agent. An aqueous solution of urea (100-fold 
excess) and HAuCl4 (3-7  10
-3
 M, 400 cm
3
) was added to the support (10-30 g). The 
suspension was stirred (600 rpm) and heated (at 2 K min
-1
) to 353 K, where the pH 
progressively increased to reach ca. 6-8 after 3-4 h as a result of urea decomposition. 
The solid obtained was separated by filtration, washed with distilled water and dried in 
45 cm
3
 min
-1
 He at 373 K for 5 h. A supported Pd benchmark was synthesised by 
precipitation of Pd(NO3)2 (Sigma-Aldrich, 99%, 4  10
-3
 M, 300 cm
3
) on TiO2 (10 g), 
adding aqueous Na2CO3 (2 M) dropwise until pH >10 to ensure Pd deposition (as 
Pd(OH)2) [4.30]. The slurry was heated (at 2 K min
-1
) to 353 K and maintained for 4 h. 
The solid was separated by filtration, washed with distilled water and dried under 
vacuum at 333 K for 12 h. The catalyst precursors were sieved (ATM fine test sieves) to 
mean particle diameter = 75 μm. Samples were activated in 60 cm3 min-1 H2 at 2-5 K 
min
-1
 to 423-603 K, held for 1 h and passivated at ambient temperature in 1% v/v O2/He 
for ex situ characterisation. 
4.2.2 Catalyst Characterisation 
Metal content was measured by atomic absorption spectroscopy using a Shimadzu 
AA-6650 spectrometer with an air-acetylene flame from the diluted extract in aqua 
regia (25% v/v HNO3/HCl). Temperature programmed reduction (TPR) and H2 
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chemisorption were conducted on the commercial CHEM-BET 3000 (Quantachrome 
Instrument) unit with data acquisition/manipulation using the TPR Win
TM
 software. 
Samples were loaded into a U-shaped Pyrex glass cell (3.76 mm i.d.) and heated in 17 
cm
3
 min
-1
 (Brooks mass flow controlled) 5% v/v H2/N2 at 2-5 K min
-1
 to 423-603 K, 
which was maintained until the signal returned to baseline. The effluent gas passed 
through a liquid N2 trap and H2 consumption was monitored by a thermal conductivity 
detector (TCD). The activated sample was swept with 65 cm
3
 min
-1
 N2 for 1.5 h, cooled 
to reaction temperature (413 K) and subjected to H2 chemisorption by pulse (10 μl) 
titration. In blank tests there was no measurable H2 uptake over support alone. Oxygen 
chemisorption post-TPR was employed to determine the extent of support reduction, 
where samples were reduced as described above, swept with 65 cm
3
 min
-1
 He for 1.5 h, 
cooled to 413 K with pulse (50 μl) O2 titration. It has been demonstrated that Au 
contribution to total O2 adsorbed is negligible [4.31]. Nitrogen adsorption-desorption 
isotherms were obtained using the commercial Micromeritics Gemini 2390p system. 
Prior to analysis, the samples were outgassed at 423 K for 1 h in N2. Total specific 
surface area (SSA) was obtained using the standard BET method. Metal particle 
morphology (size and shape) was examined by scanning transmission electron 
microscopy (STEM, JEOL 2200FS), employing Gatan Digital Micrograph 1.82 for data 
acquisition/manipulation. Samples for analysis were prepared by dispersion in acetone 
and deposited on a holey carbon/Cu grid (300 Mesh). The surface area weighted mean 
metal size (dSTEM) was based on a count of at least 300 particles according to  
                           
3
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

                                                                      (4.1) 
where ni is the number of particles of diameter di. 
4.2.3 Catalytic Procedure 
Catalyst testing was carried out at atmospheric pressure and 413 K in situ after 
activation in a continuous flow fixed bed tubular reactor (i.d. = 15 mm). A layer of 
borosilicate glass beads served as preheating zone where the reactant was vaporised and 
reached reaction temperature before contacting the catalyst bed. Isothermal conditions 
(±1 K) were maintained by diluting the catalyst bed with ground glass (75 µm), which 
was mixed thoroughly with the catalyst before loading into the reactor. Reaction 
temperature was continuously monitored by a thermocouple inserted in a thermowell 
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within the catalyst bed. The reactant(s) (benzaldehyde and/or nitrobenzene) was(were) 
delivered as an ethanolic solution to the reactor via a glass/teflon air-tight syringe and 
teflon line using a microprocessor controlled infusion pump (Model 100 kd Scientific) at a 
fixed calibrated flow rate. A co-current flow of organic reactant and H2 was maintained at 
GHSV = 2 × 10
4
 h
-1
. The molar metal to inlet organic molar feed rate (n/F) spanned the 
range 1.3 × 10
-3 – 5.8 × 10-2 h. Catalyst performance for multiple Au/TiO2 beds in series 
was tested where each catalyst bed was separated by glass wool (1 cm); catalyst activation 
followed the procedure given above. In blank tests, passage of each reactant (and mixture) 
in a stream of H2 through the empty reactor or over each support did not result in any 
detectable conversion. The reactor effluent was condensed in a liquid nitrogen trap for 
subsequent analysis using a Perkin-Elmer Auto System XL gas chromatograph equipped 
with a programmed split/splitless injector and a flame ionisation detector, employing a 
DB-1 (50 m × 0.33 mm i.d., 0.20 μm film thickness) capillary column (J&W Scientific). 
Data acquisition and manipulation were performed using the Turbochrom Workstation 
Version 6.3.2 (for Windows) chromatography data system. Benzaldehyde (Fluka, ≥98%), 
nitrobenzene (Riedel-de Haën, ≥99%), benzyl alcohol (Riedel-de Haën, ≥99%), aniline 
(Riedel-de Haën, ≥99%), N-benzylideneaniline (Sigma Aldrich, 99%), N-benzylaniline 
(Sigma Aldrich, 99%) and ethanol (Sigma Aldrich, ≥99%) were used without further 
purification. All the gases employed (H2, O2, N2 and He) were of high purity (>99.98%, 
BOC). Reactant (i) fractional conversion (X) is defined by 
                   
in out
in
i, i,
i
i,
[ ] [ ]
[ ]
reactant reactant
reactant
X


                                                         
(4.2) 
and selectivity (S)  to product “j” is given by 
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Yield (Y) to product “j” was obtained from 
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(4.4) 
where subscripts “in” and “out” refer to the inlet and outlet gas streams, respectively. 
Catalytic activity is also quantified in terms of initial conversion (Xi,0), reactant 
consumption rate (R, molreactant molmetal
-1 
h
-1
) and turnover frequency (TOF, rate per 
active site) calculated using 
 52 
                                             
1(h )
R
D
TOF                                                              (4.5)
 
where D the metal dispersion (surface to total metal atoms) was obtained from STEM 
measurements [4.29]. Repeated reactions with different samples from the same batch of 
catalyst delivered raw data reproducibility that was better than ±6% with a carbon mass 
balance ≥ 95%. 
4.3 Results and Discussion 
Given the promoting effect of TiO2 and metal-TiO2 interface on activation/reduction 
of –NO2 function, Au/TiO2 and Pd/TiO2 were chosen as the starting catalysts here. 
4.3.1 Au/TiO2 vs. Pd/TiO2 
4.3.1.1 Catalyst Characteristics 
The physicochemical properties of TiO2 supported Au and Pd are shown in Table 
4.1, where both exhibit an equivalent metal loading (0.8 mol%) and SSA (52-53 m
2
 g
-1
). 
  
Table 4.1: Physicochemical characteristics of oxide supported Au and Pd catalysts. 
 
Catalyst Au/TiO2 Pd/TiO2 Au/Fe2O3 Au/Al2O3 Au/ZrO2 Au/MgO 
Metal loading (mol%) 0.8 0.8 0.8 0.5 0.5 0.7 
SSA (m
2
 g
-1
) 52 53 38 166 93 24 
TPR Tmax (K) 373 350
a
/566
b
 363 451 476 512 
TPR H2 consumption  (µmol g
-1
) 170
c
/147
d
 34/99
d
 593
c
/74
d
 87
c
/84
d
 56
c
/61
d
 5
c
/256
d
 
H2 chemisorption (µmol gmetal
-1
)
e
 146 5015 76 318 137 26 
Metal size range (nm) 1-6 1-7 1-5 1-8 3-12 1-15 
Mean size (dSTEM, nm) 3.2 3.4 2.9 4.3 7.0 7.7 
O2 uptake (µmol g
-1
)e 8 - 168 1 3 <1 
a,b
Tmax associated with negative and positive peak, respectively; 
c
value obtained from TPR analysis; 
d
calculated value for 
Au
3+
 → Au0 (or Pd2+ → Pd0); e measurement at 413 K.  
 
 
The TPR profile for Au/TiO2 (Fig. 4.2(A)) displays a positive peak at 373 K, where H2 
consumption (170 µmol g
-1
, see Table 4.1) exceeded that required for the Au
3+ → Au0 
step (147 µmol g
-1
), suggesting partial support reduction. A single TPR peak (Tmax = 
350-408 K) has been recorded elsewhere during activation of Au/TiO2 and attributed to 
combined Au precursor reduction and Ti
4+
 conversion to Ti
3+
 at the metal/support 
interface [4.32]. The TPR profile of Pd/TiO2 (Fig. 4.2(B)) is characterised by a negative 
(H2 release) signal at Tmax = 350 K and a positive (H2 consumption) peak at Tmax = 566 
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K, consistent with results reported by Babu et al. [4.30] for Pd/TiO2. The lower 
temperature peak can be attributed to Pd hydride decomposition where Pd can absorb 
H2 at ambient temperature and pressures >0.02 atm to form the hydride [4.33], which is 
thermally unstable and decomposes during TPR at 331-353 K [4.30,4.34]. Hydride 
composition (H/Pd ratio) is dependent on Pd size where the value obtained in this study 
(= 0.28 mol mol
-1
) falls within the range (0.10-0.52) reported for a well dispersed Pd 
phase (2-10 nm) [4.35]. The positive signal at higher temperature can be attributed to 
reduction of oxidised Pd and/or support reduction (Ti
4+ → Ti3+) [4.30]. 
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Fig. 4.2: Temperature programmed reduction (TPR) profiles for (A) Au/TiO2 and 
(B) Pd/TiO2. 
 
 
 
Fig. 4.3: Representative STEM images and associated particle size distribution 
histograms for (A) Au/TiO2 and (B) Pd/TiO2. 
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Metal particle morphology (size and shape) was evaluated by STEM analysis; 
representative images and associated particle size histograms are provided in Fig. 4.3. 
Both catalysts displayed quasi-spherical shaped particles with similar size distributions 
and surface area weighted mean (3.2-3.4 nm). Metal particle size has been shown to 
impact on catalytic hydrogenation activity, particularly in the case of Au catalysts where 
particles <10 nm have been identified as critical for hydrogen activation [4.36] and 
hydrogenation activity [4.31]. Hydrogen chemisorption under reaction conditions (413 
K) is given in Table 4.1 where uptake on Au/TiO2 (146 μmol gAu
-1
) was significantly 
higher than that (16-46 μmol gAu
-1
) recorded at ambient temperature [4.37]. Bus et al. 
[4.38] have shown that H2 chemisorption is favored at higher temperature (298 → 373 
K) over nano-scale Au on Al2O3. Pd/TiO2 exhibited appreciably larger uptake (5015 
μmol gPd
-1
) than that recorded for Au/TiO2. Borgschulte et al. [4.39] have studied the 
catalytic activity of pure metal film in H2 adsorption and reported up to three orders of 
magnitude higher H2 uptake rate over Pd than Au. This can be attributed to a lower H2 
dissociation energy barrier for Pd due to the unfilled d band [4.31,4.39]. 
 
Table 4.2: Pseudo-first order rate constants (k) and product selectivity (Sproduct, %) in 
individual hydrogenation of nitrobenzene and benzaldehyde, and
 
in the reductive 
coupling of nitrobenzene with benzaldehyde; Reaction conditions: T = 413 K, P = 1 atm. 
 
Feed Nitrobenzene  Benzaldehyde  Nitrobenzene + Benzaldehyde 
Catalyst 
k 
(h
-1
) 
Saniline 
(%) 
 
k 
(h
-1
) 
Sbenzyl alcohol 
(%) 
Stoluene 
(%) 
 
k
  
(h
-1
) 
Simine 
(%) 
Samine 
(%) 
Stoluene 
(%) 
Au/TiO2 32 100  8 100 -  36 99 1 - 
Pd/TiO2 1214 100  91 5 95  110 83 - 17 
 
4.3.1.2 Catalytic Results 
The tandem coupling process requires greater activity in the reduction of 
nitrobenzene to aniline (Fig. 4.1, step (I)) than benzaldehyde hydrogenation and/or 
hydrogenolysis to ensure aniline supply for subsequent condensation (step (II)). We 
first investigated stand-alone hydrogenation of nitrobenzene and benzaldehyde over 
Au/TiO2 and Pd/TiO2, and the results are presented in Table 4.2. Nitrobenzene 
hydrogenation over both catalysts generated aniline as sole product. Conversion of 
benzaldehyde over Au/TiO2 was fully selective to benzyl alcohol while Pd/TiO2 
favoured hydrogenolysis to toluene (selectivity = 95%). The applicability of a pseudo-
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first order kinetic treatment has been established elsewhere for the hydrogenation of 
nitrobenzene [4.40] and benzaldehyde [4.41] where the following expression applies 
                                                             metal
i,0
=
1
ln
(1- )
n
k
X F
   
   
    
                                    (4.6) 
(nmetal/F) has the physical meaning of contact time. The extracted rate constants (k, h
-1
) 
are given in Table 4.2, where Pd/TiO2 delivered appreciably higher rates than Au/TiO2 
for both reactions which can be linked to the greater H2 chemisorption capacity 
recorded in Table 4.1. The rate of nitrobenzene hydrogenation was higher than that of 
benzaldehyde which agrees with reaction thermodynamics where nitrobenzene → 
aniline (∆G413 K = -436 ± 1 kJ mol
-1
) is more favourable than benzaldehyde 
hydrogenation (to benzyl alcohol, ∆G413 K = -24 ± 2 kJ mol
-1
) or hydrogenolysis (to 
toluene, ∆G413 K = -108 ± 3 kJ mol
-1
). Higher (at least by four fold) nitrobenzene 
reduction rate relative to benzaldehyde reaction meets the prerequisite for the tandem 
process. 
  
 
Fig. 4.4: Variation of fractional nitrobenzene conversion (X, ■) and product 
selectivity (Sj, □: imine, ○: toluene, ∆: aniline) with time on-stream over (A) 
Au/TiO2 and (B) Pd/TiO2. Reaction conditions: T = 413 K, P = 1 atm. 
 
 
Temporal variation of conversion and product selectivity in nitrobenzene + 
benzaldehyde reductive coupling over Au/TiO2 (A) and Pd/TiO2 (B) is presented in Fig. 
4.4. In both cases, activity increased to attain steady state after 1 h on-stream. In terms 
of selectivity, aniline from nitrobenzene reduction (Fig. 4.1, step (I)) was detected as a 
secondary product over Au/TiO2 during the first 0.5 h with conversion to the target 
imine (Fig. 4.1, step (II)) at extended reaction times. In contrast, reaction over Pd/TiO2 
resulted in significant toluene formation (S ~ 20%) at steady state, resulting from 
hydrogenolysis (Fig. 4.1, steps (V/VI)) in addition to nitro group reduction. The 
generation of imine over both catalysts demonstrates successful tandem reaction in 
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continuous gas phase operation. Imine formation (99% selectivity) over Au/TiO2 (with 
trace amine, step (III) in Fig. 4.1) with no detectable by-products from benzaldehyde 
hydrogenation (to benzyl alcohol) or hydrogenolysis (to toluene) is important in terms 
of clean synthesis. We could not find any directly comparable studies in continuous gas 
phase operation. We should note that the highest imine selectivity (≤ 93%) in liquid 
phase reductive coupling of nitrobenzene + benzaldehyde over Au/TiO2 [4.24] was 
lower than that achieved in this study. Moreover, amine and benzyl alcohol were 
detected as significant by-products (Simine ≤ 80%) for reaction over Pt/Al2O3 [4.42]. The 
pseudo-first order rate constants (based on steady state and nitrobenzene conversion) for 
the coupled reaction are given in Table 4.2, where Pd/TiO2 again delivered greater 
activity than Au/TiO2. The tandem reaction over Au/TiO2 generated a similar rate 
constant to that of stand-alone nitrobenzene reduction, suggesting that imine formation 
in the coupled reaction is controlled by the nitrobenzene → aniline step. Liu et al. [4.19] 
have noted that the hydrogenation of nitrobenzene to aniline is much slower than aniline 
condensation with benzaldehyde. Lower tandem reaction rate over Pd/TiO2 than the 
stand-alone nitrobenzene reduction can be linked to the occurrence of benzaldehyde 
hydrogenolysis that resulted in decreased rate. 
4.3.2 Oxides Supported Au 
The results presented above have established imine synthesis via gas phase coupled 
reactions over Au/TiO2 where nitrobenzene hydrogenation is rate-determining. 
Nitroarene hydrogenation over supported Au catalysts has been shown to depend on the 
surface chemistry and redox properties of the support [4.43] and Au particle size [4.44]. 
We probe both variables by examining the catalytic action of Au (of varying size) on 
reducible and non-reducible carriers.  
4.3.2.1 Catalyst Characterisation 
The SSA recorded (in Table 4.1) for the supported Au catalysts range from 24 m
2
 
g
-1
 (Au/MgO) to 166 m
2
 g
-1
 (Au/Al2O3) and fall within values reported in the literature 
[4.45-4.48]. The TPR profiles (not shown) were similar to Au/TiO2 with a single H2 
consumption peak with Tmax in the range 363-512 K (Table 4.1) [4.37,4.45,4.49]. 
Hydrogen consumption during TPR showed a dependency on support redox character 
where values recorded for Au on non-reducible oxides matched the amount required for 
metal precursor reduction (Au/Al2O3 and Au/ZrO2). The appreciably lower 
 57 
consumption during TPR of Au/MgO (prepared by impregnation) can be attributed to 
metal reduction pre-TPR, during catalyst preparation and drying as reported by 
Margitfalvi et al. for Au/MgO also prepared by impregnation [4.50]. Excess H2 
consumption for Au/Fe2O3 can be ascribed to partial reduction of the support. Oxygen 
chemisorption post-TPR was employed to determine the extent of support reduction. 
Uptake on Au/Fe2O3 and Au/TiO2 is consistent with support reduction and correlates 
with excess H2 consumption and the formation of oxygen vacancies [4.51,4.52]. The 
mean Au sizes given in Table 4.1 suggest a dependence of metal dispersion on support 
reducibility. Smaller Au particles were formed on the reducible (Fe2O3 and TiO2) 
carriers where the stabilising effect of surface oxygen vacancies can inhibit sintering 
[4.53]. The largest mean size (7.7 nm) associated with Au/MgO (1-15 nm) is the result 
of synthesis by less controlled impregnation that is known to generate weak 
precursor/support interactions leading to particles agglomeration during pre-treatment 
[4.54]. Okumura et al. [4.55] reported Au/Al2O3 (1% w/w) prepared by deposition-
precipitation and impregnation exhibited mean Au particle sizes of 2.5 nm and 37 nm, 
respectively. Hydrogen chemisorption (Table 4.1) under reaction conditions (413 K) 
revealed highest uptake over Au/Al2O3 (318 µmol gAu
-1
) with lowest uptake over 
Au/MgO (26 μmol gAu
-1
). There is some consensus that H2 chemisorption is favoured on 
smaller Au particles (1-10 nm, supported on Al2O3) that possess a higher fraction of low 
coordinated Au atoms at corners and edge sites [4.38]. Moreover, hydrogen 
adsorption/dissociation on Au supported on (Al2O3, TiO2, Fe2O3, ZrO2 and CeO2) can 
spillover onto support [4.56-4.58], where larger surface area can accommodate greater 
spillover hydrogen [4.59]. H2 uptake can be linked to SSA (Au/Al2O3 > Au/ZrO2 > 
Au/TiO2 > Au/Fe2O3 > Au/MgO). Au/ZrO2 exhibits higher SSA (than Au/TiO2), but the 
occurrence of larger Au particles (73% >5 nm vs. 1% >5 nm for Au/TiO2) decreased 
hydrogen chemisorption. 
4.3.2.2 Catalytic Results 
Turnover frequencies (TOF) and imine selectivity at the steady state in the 
reductive coupling of nitrobenzene with benzaldehyde are presented in Fig. 4.5. High 
(97-99%) selectivity to imine with trace amine production was common to all the Au 
catalysts with no evidence of benzyl alcohol and/or toluene formation. As a general 
observation, TOF increased (6 → 103 h
-1
) with decreasing (7.7 → 3.2 nm, Au/MgO < 
Au/ZrO2 < Au/Al2O3 < Au/TiO2) mean Au size. This response finds agreement with 
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reports in the literature showing sympathetic structure sensitivity for the hydrogenation 
of nitroarenes over supported Au [4.25] but we provide here first evidence that this 
effect extends to tandem reactions. It should be noted that Au/Fe2O3 with the smallest 
mean Au size (2.9 nm) and greatest oxygen vacancy density deviates from this trend. 
This can be tentatively attributed to stronger binding of nitro-group at these vacancy 
sites that can stabilise surface adsorbed nitrobenzene and inhibit –NO2 activation/ 
reduction [4.60]. Moreover, loss of metal character for smaller Au nano-particles that 
particularly applies to Au/Fe2O3 (40% particles ≤ 2 nm) has been shown to result in 
decreased hydrogenation activity [4.61]. Increased TOF (6 → 103 h
-1
) can also be linked 
to H2 chemisorption capacity (26 → 146 µmol gAu
-1
, Au/MgO < Au/Fe2O3 < Au/ZrO2 < 
Au/TiO2). But reaction over Au/Al2O3 with the highest H2 uptake (318 µmol gAu
-1
) 
delivered a lower TOF than Au/TiO2 (146 µmol gAu
-1
). Nitro-group polarisation plays a 
critical factor in determining reaction rate and application of the selective energy 
transfer (SET) has established –NO2 activation at TiO2 and/or Au-TiO2 interface sites 
[4.62]. Boronat et al. [4.27], studying the hydrogenation of nitrostyrene by in situ IR 
analysis and quantum chemical calculations, attributed greater TOF to aminostyrene 
over Au/TiO2 (173 h
-1
) relative to Au/SiO2 (10 h
-1
) to –NO2 activation at the Au-TiO2 
interface. A high Au dispersion on TiO2 serves to extend the Au-TiO2 interface and can 
contribute to the enhanced TOF. The specific rate of the tandem reactions converged 
with that recorded for nitrobenzene hydrogenation for all the catalysts (Fig. 4.5), further 
demonstrating nitrobenzene → aniline as rate determining.  
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Fig. 4.5: Turnover frequency (TOF) in terms of aniline (in the stand-alone 
hydrogenation of nitrobenzene, hatched bar) and imine (in the coupled reaction, 
solid bar) formation and selectivity to imine in the coupled system (■) over the 
series of oxide supported Au catalysts. Reaction conditions: T = 413 K, P = 1 atm. 
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4.3.3 Use of Multiple Catalyst Beds 
The tests to this point have established structure sensitivity in imine production over 
Au with the highest specific activity over Au/TiO2 (Fig. 4.5). However, productivity 
(30% yield, see entry 1 in Table 4.3) is still low. It has been shown that a configuration 
of discrete catalyst beds in series, each at operated at low contact time (n/F), served to 
enhance nitrile hydrogenation to benzylamine over Pd/Al2O3 with retaining target 
selectivity [4.63] and the effective use of sequential or “stacked” catalyst beds to 
promote each reaction (in the corresponding catalyst bed) with enhanced catalytic 
activity in hydrodesulphurisation [4.64]. We considered the possible benefits of multiple 
Au/TiO2 bed operation in the sequential hydrogenation-condensation reaction.  
 
Table 4.3: Fractional conversion (X), product selectivity (Sproduct, %) and imine yield 
(Yimine, %) in the reductive coupling of nitrobenzene with benzaldehyde using single 
and multiple catalyst beds in series; Reaction conditions: T = 413 K, P = 1 atm. 
 
Catalyst Catalyst bed  
Catalyst mass 
(g) 
n/F 
(10
-3
 h) 
X
 
 
(-) 
Simine 
(%) 
Samine 
(%) 
Y imine 
(%) 
Au/TiO2 
single 
0.02 8.5 0.30 99 1 30 
0.04 17 0.34 99 1 34 
triple 
0.04 17 0.62 95 5 59 
0.06 26 0.75 93 7 70 
 
 
Use of a triple bed arrangement resulted in a two-fold increase in overall conversion at 
an imine selectivity of 95% (Table 4.3). In the single bed, increasing the mass of 
catalyst (0.02 → 0.04 g) did not result in a proportional increase in activity (entries 1-2 
in Table 4.3). In addition to the promotional effect of low n/F related to each bed, the 
enhanced conversion for triple bed can also be attributed to extended residence time 
with increased aniline conversion via condensation that in turn enhances fractional 
hydrogenation of nitrobenzene to aniline in the tandem (nitrobenzene → aniline → 
imine) reaction. The marginal drop in selectivity was due to amine formation via 
consecutive hydrogenation of the imine (Fig. 4.1, step (III)). Enhanced activity has also 
been observed in the hydrodesulphurisation of gas oil using a double bed of Ni/Al2O3 
and Mo/Al2O3 with Al2O3 as spacer [4.65] and in the selective catalytic reduction of 
NO2 with hydrocarbons using Pd/SZ-Cox/CeO2 dual beds [4.66]. We demonstrate that 
multiple beds of a single supported metal catalyst can also promote tandem reaction. 
There is possible competition for the same sites in the hydrogenation of imine (Fig. 4.1, 
step (III)) with nitrobenzene → aniline (Fig. 4.1, step (I)) that can impact on product 
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distribution. A mixed feedstock of nitrobenzene/N-benzylideneaniline was used to probe 
this possible effect and the consumption rates of each reactant over Au/TiO2 as a 
function of inlet reactant ratio can be compared in Fig. 4.6. Nitrobenzene hydrogenation 
rates (26-45 mol-NO2 molAu
-1
 h
-1
) were appreciably greater than imine hydrogenation (2-
14 mol-C=N molAu
-1
 h
-1
), regardless of nitrobenzene/imine ratio. This suggests 
preferential –NO2 group (relative to –C=N) activation/reduction. As imine content in the 
feed was increased, nitrobenzene hydrogenation rate was lowered with a concomitant 
increase in imine consumption. This can account for amine production at higher 
conversions in the coupled reaction using catalyst beds in series. The results presented 
in this study can serve as a basis for process intensification with an alternative catalytic 
tandem reaction for sustainable imine synthesis. Enhanced imime selectivity and 
continuous operation at ambient pressure represent a significant advancement over 
current pressurised batch liquid operations. 
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Fig. 4.6: Nitrobenzene (solid bar) and imine (open bar) consumption rate as a 
function of inlet nitrobenzene/imine ratio for the hydrogenation of nitrobenzene + 
imine mixtures. Reaction conditions: T = 413 K, P = 1 atm. 
4.4 Conclusion 
 Nano-scale Au (mean = 2.9-7.7 nm) on a series of oxide (TiO2, Fe2O3, Al2O3, ZrO2 
and MgO) supports generated high selectivity to the target imine (N-benzylideneaniline) 
in the reductive coupling of nitrobenzene and benzaldehyde in continuous gas phase 
operation. Under the same reaction conditions Pd/TiO2 (mean Pd size = 3.4 nm) 
delivered a higher reaction rate but generated toluene (from benzaldehyde 
hydrogenolysis) as a significant by-product, resulting in lower imine selectivity (83%). 
Turnover frequencies (6 → 103 h
-1
) were dependent on Au size where rate increased 
with decreasing Au size (7.7 → 3.2 nm) that can be linked to greater H2 chemisorption 
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capacity for smaller Au particles. Lower TOF over Au (mean = 2.9 nm) on reducible 
Fe2O3 can be attributed to an anchoring of the nitro group to surface oxygen vacancies 
that suppresses reactivity. Reaction rates in the coupled reaction coincided with stand-
alone nitrobenzene hydrogenation, suggesting that the latter is the rate-determining step. 
Use of a triple Au/TiO2 bed arrangement in series served to further increase imine yield 
(from 30% to 70%) in a single pass conversion. This study has established the viability 
of a catalytic tandem process for continuous imine production. 
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Chapter 5                                                                                       
Combined Catalytic Action of Supported Cu and Au in Imine 
Production from Benzyl Alcohol with Nitrobenzene 
Chapter 4 has established selective synthesis of imine by reductive coupling of 
nitrobenzene with benzaldehyde (using external hydrogen) over supported Au catalysts. 
This chapter proposes an alternative route for imine production from benzyl alcohol and 
nitrobenzene in the absence of external hydrogen over supported Cu and Au catalysts.  
5.1 Introduction 
Higher substituted imines are extensively used as intermediates in the manufacture 
of fine chemicals, pharmaceuticals and agrochemicals [5.1]. Conventional production 
draws on reductive amination (alkylation) of aldehydes/ketones with amines that are 
derived from the reduction of nitro-compounds in excess or pressurised (4-12 bar) H2 
[5.2-5.4]. Hydrogen is not a naturally occurring feedstock and current production (ca. 
95%) is fossil fuel based, notably by methane steam reforming and coal gasification 
[5.5]. Issues linked to sustainable H2 production are now the driver for the search of 
more efficient routes to imines. Work to date has focused on batch liquid phase catalytic 
oxidation of amines [5.6] (e.g. benzylamine over Au [5.7] and Cu [5.8]) and oxidative 
condensation of alcohols with amines [5.9] (e.g. benzyl alcohol and aniline over Cu 
[5.10], Pd [5.11] and Au [5.12]) at high (O2/air) pressures (up to 5 atm). But the use of 
amine as reactant with multi-step process (nitro → amine → imine) involved in oxidation 
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Fig. 5.1: Reaction network in the coupled benzyl alcohol and nitrobenzene 
reactions. Note:  dashed arrow represents hydrogen transfer; target imine product 
is framed.  
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is still a decided drawback [5.13]. We propose to integrate the nitro- → amine reduction 
step (Fig. 5.1, step (I)) and reaction with aldehyde (step (III)) in a “one pot” imine 
production that circumvents conventional multiple reactor operation. Moreover, alcohol 
dehydrogenation (step (II)) is used to generate hydrogen that is utilised in –NO2 
hydrogenation. This removes the requirement for an external supply of pressurised H2 
and can be step-changing in terms of sustainability and process efficiency. 
Synthesis of imines via coupling of alcohol dehydrogenation with nitro-compound 
reduction has not been studied to any significant extent. The viability of batch liquid 
phase coupling of benzyl alcohol dehydrogenation (as hydrogen donor) with 
nitrobenzene hydrogenation has been demonstrated for reaction over Mg6Al2(OH)16CO3 
supported Pd but with amine (>7% yield) generated as by-product [5.14]. Imine 
synthesis from nitrobenzene and furfural has been reported for Pd-Au/Al2O3 (with 
CH3OH as hydrogen source) [5.15] and from nitroarenes and benzaldehyde over iron 
powder (with HCl as hydrogen donor) [5.16] in batch mode. A move from batch to 
continuous processing provides significant benefits in terms of economics, high 
throughput and quality control. This has been identified as a priority for sustainable 
production in the pharmaceutical and fine chemical sector [5.17]. Studies of continuous 
gas phase operation employing a hydrogen ‘‘borrowing’’ strategy have predominantly 
focused on coupling of dehydrogenation and hydrogenation [5.18-5.21] with no report 
of cross-coupling of alcohols with nitro- reactants for imine synthesis. Baiker et al. 
[5.22,5.23] studied the formation of dimethyldodecylamine by gas phase cross-coupling 
of dimethylamine and 1-dodecanol over Cu/Al2O3 and observed loss of activity and 
selectivity in the absence of external hydrogen supply. Deactivation has been a feature 
of coupling reactions involving alcohols and amines over supported Cu and Ni catalysts 
and was attributed to nitride formation, coking and amine deposition [5.24]. 
We have previously established the coupling of nitrobenzene reduction (to aniline) 
with benzaldehyde for imine synthesis using external hydrogen over supported Au 
catalysts in continuous gas phase operation in Chapter 4. In this study, we have 
extended that work to evaluate the feasibility of imine production in the absence of 
external H2 supply by combining Cu/SiO2 with supported Au catalysts using benzyl 
alcohol and nitrobenzene as model reactants. Nitroarene hydrogenation over supported 
Au shows a dependency on support reducibility [5.25], where Au on TiO2 and MgO 
carriers has exhibited differences in chemoselective amine production rates [5.26]. We 
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also evaluate hydrogen utilisation efficiency and catalyst stability as two critical 
considerations for imine production. 
5.2 Experimental 
5.2.1 Catalyst Preparation and Activation 
Cu/SiO2 was prepared by deposition-precipitation with NaOH (Riedel-de Haën, 
99%) as precipitation agent. Silica powder (Sigma-Aldrich, 20 g) was dispersed in an 
aqueous solution of Cu(NO3)2 (Sigma-Aldrich, 99%, 0.03 M, 200 cm
3
). The suspension 
was stirred (600 rpm) at ambient temperature for 1 h, NaOH (2 M) added dropwise until 
pH >10 to ensure complete copper deposition as Cu(OH)2 [5.27]. The mixture was 
heated in air to 353 K with subsequent ageing for 4 h to facilitate homogeneous 
deposition [5.27]. The solid obtained was separated by filtration, washed with distilled 
water until pH = 7 and dried at 393 K in air over night. The dried sample was calcined 
in air (at 10 K min
-1
 to 723 K for 4 h) to generate a supported copper oxide (CuO) 
[5.27]. Gold on MgO (Sigma-Aldrich, 10 g) was prepared by impregnation with 
aqueous HAuCl4 (Sigma-Aldrich, 99%, 5  10
-2
 M, 50 cm
3
). The slurry was heated (at 2 
K min
-1
) to 353 K under vigorous stirring (600 rpm) and maintained in a He purge for 5 
h. Gold on TiO2 (P25, Degussa) was prepared by deposition-precipitation using urea 
(Riedel-de Haën, 99%) as basification agent. An aqueous solution of urea (100 fold 
excess) and HAuCl4 (5  10
-3 
M, 400 cm
3
) was added to the support (15 g) and the 
suspension stirred and heated to 353 K (2 K min
-1
). The pH progressively increased to 
reach ca. 7 after 3-4 h as a result of thermal decomposition of urea. The supported Au 
catalyst precursor was separated by filtration, washed with distilled water and dried in 
45 cm
3
 min
-1
 He at 373 K for 5 h. The catalyst precursors were sieved (ATM fine test 
sieves) to mean particle diameter = 75 μm. Prior to ex situ characterisation and catalytic 
testing, samples were activated in 60 cm
3
 min
-1
 H2 at 2-4 K min
-1
 to 523-545 K, held for 
1-2 h and passivated at ambient temperature in 1% v/v O2/He. 
5.2.2 Catalyst Characterisation 
Metal loading was determined by atomic absorption spectroscopy (Shimadzu AA-
6650 spectrometer with an air-acetylene flame) analysis of the diluted extract in aqua 
regia (25% v/v HNO3/HCl). Temperature programmed reduction (TPR) and H2 
chemisorption were conducted on the CHEM-BET 3000 (Quantachrome Instrument) 
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unit with data acquisition/manipulation using the TPR Win
TM
 software. The sample was 
loaded into a U-shaped Pyrex glass cell (3.76 mm i.d.) and heated in 17 cm
3
 min
-1
 
(Brooks mass flow controlled) 5% v/v H2/N2 at 2-4 K min
-1 
to 523-545 K. The activated 
samples were swept with 65 cm
3
 min
-1
 N2 for 1.5 h, cooled to reaction temperature (498 
K) and subjected to H2 chemisorption by pulse (10 μl) titration. The effluent gas passed 
through a liquid N2 trap and H2 consumption was monitored by a thermal conductivity 
detector (TCD). In blank tests there was no measurable H2 uptake on the (SiO2, MgO or 
TiO2) supports. Nitrogen adsorption-desorption isotherms were obtained using the 
Micromeritics Gemini 2390p system. Prior to analysis, the samples were outgassed at 
423 K for 1 h in N2. Total specific surface area (SSA) and cumulative pore volumes 
were obtained using standard BET and BJH analysis. Metal particle morphology (size 
and shape) was examined by scanning transmission electron microscopy (STEM, JEOL 
2200FS field emission gun-equipped unit), employing Gatan Digital Micrograph 1.82 
for data acquisition/manipulation. Samples for analysis were prepared by dispersion in 
acetone and deposited on a holey carbon/Cu grid (300 Mesh). Surface area weighted 
mean metal size (d) was based on a count of up to 800 nanoparticles according to  
3
2
i i
i
i i
i
n d
d
n d


                                                                     (5.1) 
where ni is the number of particles of diameter di. Thermogravimetric analysis (TGA) 
and differential scanning calorimetry (DSC) of the samples pre- and/or post-reaction 
was performed on a SDT Q600 simultaneous TGA/DSC analyser (TA Instrument) by 
monitoring temporal mass and heat flow changes with temperature. The samples (ca. 10 
mg) were heated in 100 cm
3
 min
-1
 air at 373 K for 1 h and ramped to 1073 K (at 20 K 
min
-1
). Elemental (C, H and N) analysis for samples post-reaction was carried out on an 
Exeter CE-400 elemental analyser. X-ray photoelectron spectroscopic (XPS) analysis 
was conducted on an Axis Ultra instrument (Kratos Analytical) under ultra-high 
vacuum conditions (<10
-8
 Torr) with a monochromatic Al Kα radiation (1486 eV). The 
C1s, Cu 2p3/2, Au 4f5/2 and 4f7/2, N1s and Si 2p spectra were collected. Characteristic Cu 
2p3/2 binding energies (BE) for metallic Cu and CuO are 932.8 eV [5.28] and 934.0 eV 
[5.29]. Values in the 83.7-84.0 eV and 87.8-88.2 eV ranges for 4f7/2 and 4f5/2 levels have 
been reported elsewhere [5.30] for metallic Au. We define adventitious carbon as any 
carbon associated with the air exposed samples [5.31]. The C1s profile for this 
adventitious carbon is characterised by a principal peak at 284.5 eV, indicative of alkyl 
species (C–C, C–H) [5.32], and was used as an internal standard to compensate for 
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charging effects. The spectra were calibrated against the Si 2p (of SiO2, BE = 103.5 eV) 
[5.33] and fitted with abstraction of the Shirley background using the Gaussian-
Lorentzian function in XPSPEAK 41. 
5.2.3 Catalytic Procedure 
Reactions (stand-alone benzyl alcohol dehydrogenation and nitrobenzene 
hydrogenation and cross-coupling) were carried out at atmospheric pressure, in situ 
after activation in a continuous flow fixed bed vertical glass reactor (i.d. = 15 mm) at 
423-523 K. A layer of borosilicate glass beads served as preheating zone, ensuring that 
the reactant(s) (benzyl alcohol and/or nitrobenzene) was (were) vaporised and reached 
reaction temperature before contacting the catalyst. Isothermal conditions (±1 K) were 
maintained by diluting the catalyst with ground glass (75 µm) and continuously 
monitored by a thermocouple inserted in a thermowell within the catalyst bed. The 
reactant(s) was (were) delivered to the reactor via a glass/teflon air-tight syringe and 
teflon line using a microprocessor controlled infusion pump (Model 100 kd Scientific). 
Dehydrogenation of benzyl alcohol and hydrogenation of nitrobenzene were tested 
separately in a co-current flow of N2 with benzyl alcohol (GHSV = 1.0 × 10
4
 h
-1
, molar 
metal to reactant feed rate nmetal/F = 3.8 × 10
-3
 – 5.0 × 10-2 h) and H2 with nitrobenzene 
(GHSV = 1.0 × 10
4
 h
-1
, nmetal/F = 8.0 × 10
-3
 – 1.2 × 10-2 h), respectively. The coupled 
reaction was carried out in a N2 flow (GHSV = 2.0 × 10
3
 h
-1
, nmetal/F = 1.2 × 10
-1 – 3.6 × 
10
-1
 h). In blank tests passage of each reactant through the empty reactor or over the (SiO2, 
MgO or TiO2) support alone did not result in any detectable conversion. The reactor 
effluent was condensed in a liquid nitrogen trap for subsequent analysis using a Perkin-
Elmer Auto System XL gas chromatograph equipped with a programmed split/splitless 
injector and a flame ionization detector, employing a DB-1 (50 m × 0.33 mm i.d., 0.20 μm 
film thickness) capillary column (J&W Scientific). Data acquisition and manipulation were 
performed using the TurboChrom Workstation Version 6.3.2 (for Windows) 
chromatography data system. Benzyl alcohol (Riedel-de Haën, ≥99%), benzaldehyde 
(Fluka, ≥98%), nitrobenzene (Riedel-de Haën, ≥99%), aniline (Sigma-Aldrich, ≥99%), 
toluene (Sigma-Aldrich, 99%), N-benzylideneaniline (Sigma-Aldrich, 99%) and N-
benzylaniline (Sigma-Aldrich, 99%) were used as received without further purification. 
The (H2, N2, O2 and He) gases were of high purity (BOC, >99.98 %). Reactant (i) 
fractional conversion (Xi) is defined by 
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(5.3) 
where subscripts “in” and “out” refer to the inlet and outlet gas streams, respectively. 
Catalytic activity for stand-alone dehydrogenation and hydrogenation is also quantified 
in terms of initial conversion (Xi,0), which was obtained as described elsewhere [5.34]; 
imine formation rate (R, mmol molmetal
-1
 h
-1
) and product ratio (benzaldehyde to imine, N-
C=O/N-C=N) in the cross-coupling reaction were obtained from the time on-stream 
measurements. Repeated reaction with different samples from the same batch of catalyst 
delivered raw data reproducibility and mass balances within ±5%. 
 
Table 5.1: Physicochemical characteristics of Cu/SiO2, Au/TiO2 and Au/MgO. 
 Cu/SiO2 Au/TiO2 Au/MgO 
Metal loading (% w/w) 1.8 1.9 3.4 
Specific surface area (SSA, m
2 
g
-1
) 192 52 24 
Pore volume (cm
3 
g
-1
) 0.34 0.07 0.04 
TPR  
Tmax (K) 545 378 510 
H2 consumption (μmol g
-1
) 281
a
/281
b
 170
a
/143
b
 5
a
/256
b
 
H2 chemisorption (μmol gmetal
-1
) 
c
 37 185 19 
d (nm)
d
 3.1 3.2 7.7 
Particle size range (nm)
d
 1-6 1-6 1-15 
a
experimental value obtained from TPR analysis; 
b
calculated value for Cu
2+
 → Cu0 and Au3+ → Au0;  
c
measurement at reaction temperature (498 K); 
d
from STEM analysis.  
 
 
 5.3 Results and Discussion 
5.3.1 Cu/SiO2: Characterisation (Pre-reaction) and Catalysis (Stand-Alone and 
Coupled Reactions)  
The physicochemical characteristics of Cu/SiO2 given in Table 5.1 reveal a SSA 
lower than that of the silica support (223 m
2
 g
-1
) but a comparable pore volume (SiO2 = 
0.35 cm
3
 g
-1
). Activation by TPR (Fig. 5.2(AI)) generated a positive (H2 consumption) 
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peak at the final isothermal hold (545 K) where the H2 consumed matched the 
requirements for Cu
2+ → Cu0 reduction (Table 5.1). Hydrogen chemisorption capacity is 
a critical catalyst characteristic for hydrogenation applications. We have noted 
previously low ambient temperature H2 chemisorption on Cu/SiO2 (25 µmol gCu
-1
) that 
can be linked to the filled d band [5.35]. Hydrogen uptake on Cu is an activated process, 
where Cu/SiO2 showed a higher uptake (37 µmol gCu
-1
) under reaction condition (498 
K). This value is appreciably lower than that recorded for silica supported 
hydrogenation metals such as Pd (1650 µmol gPd
-1
) [5.36] and Ni (614 µmol gNi
-1
) 
[5.37]. STEM analysis (Fig. 5.2(AII)) revealed presence of discrete Cu particles at the 
nano-scale (1-6 nm, Fig. 5.2(AIII)) with a surface area weighted mean of 3.1 nm. 
 
 
 
 
Fig. 5.2: (I) Temperature programmed reduction (TPR) profiles, (II) 
representative STEM images and (III) associated metal particle size distribution 
histograms for (A) Cu/SiO2, (B) Au/TiO2 and (C) Au/MgO. 
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The coupled dehydrogenation-hydrogenation system requires a higher 
dehydrogenation rate compared with hydrogenation to ensure a sufficient H2 supply for 
reaction. We first examined separately the dehydrogenation of benzyl alcohol (in N2) 
and hydrogenation of nitrobenzene (using an external H2 supply) over Cu/SiO2. Benzyl 
alcohol dehydrogenation generated benzaldehyde (Fig. 5.1, step (II)) as the sole product 
over the 423-498 K temperature range. Limited toluene formation (≤10% selectivity, 
step (V) in Fig. 5.1) was observed for reaction at 523 K. Full selectivity to the target 
benzaldehyde at T < 498 K is consistent with the reported reaction over K-Cu/TiO2 
[5.38], while benzyl alcohol hydrogenolysis (over Cu/MgO) to toluene required 
temperatures ≥513 K [5.39]. We have previously established pseudo-first order kinetic 
behaviour for catalytic dehydrogenation (of 2-butanol) and nitroarene hydrogenation 
[5.40] where the following expression applies 
Cu
i,0
=
1
ln
(1- )
n
k
X F
   
   
    
                                                    (5.4) 
and nCu/F has the physical meaning of contact time. The associated Arrhenius plots 
(423-498 K) using the extracted rate constants (k) are presented in Fig. 5.3 with an 
associated apparent activation energy for the dehydrogenation reaction of 37 kJ mol
-1
. 
We could not find any reported activation energy for a comparable benzyl alcohol 
dehydrogenation to benzaldehyde and the value (20 kJ mol
-1
) recorded for n-octyl 
alcohol dehydrogenation (over Cu/Al2O3-MgO) is relatively lower [5.41]. Nitrobenzene 
hydrogenation (Fig. 5.1, step (I)) over Cu/SiO2 resulted in exclusive production of 
aniline with no hydrodenitrogenation or aromatic ring reduction. The apparent 
activation energy (32 kJ mol
-1
, Fig. 5.3) falls within the range (12-54 kJ mol
-1
) recorded 
2.0 2.1 2.2 2.3 2.4
0
1
2
3
4
ln
 k
 (
h
-1
)
 
 
1/T 103 (K-1)
 
Fig. 5.3: Arrhenius plots for stand-alone () dehydrogenation of benzyl alcohol 
and () hydrogenation of nitrobenzene over Cu/SiO2. Reaction conditions: T = 
423-498 K, P = 1 atm. 
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for reaction over supported Ag [5.42], Pd [5.43] and Ni [5.44] catalysts. A four-fold 
higher benzyl alcohol dehydrogenation rate relative to nitrobenzene hydrogenation 
meets the prerequisite for our coupled system (reaction stoichiometry = 3). 
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Fig. 5.4: (A) Variation of fractional conversion (Xi, : benzyl alcohol, : 
nitrobenzene) and (B) product composition (Nj, : imine, : benzaldehyde) with 
time on-stream for the coupled benzyl alcohol and nitrobenzene reactions over 
Cu/SiO2. Reaction conditions: T = 498 K, –OH/–NO2 = 3, P = 1 atm. 
 
 
The coupled reaction of benzyl alcohol and nitrobenzene in N2, i.e. absence of an 
external H2 supply, was examined over Cu/SiO2 at 498 K where the highest selective 
benzyl alcohol dehydrogenation rate was achieved. Temporal variations in conversion 
and product composition are shown in Fig. 5.4. The coupled reaction generated imine 
and benzaldehyde with no detectable hydrogenolysis to toluene (step (V), Fig. 5.1) 
and/or amine from further hydrogenation of imine (step (IV)). This represents the first 
reported continuous imine synthesis via coupling alcohol dehydrogenation and nitro- 
group hydrogenation without external H2. The generation of imine in N2 demonstrates 
that the catalyst “borrows” hydrogen generated from alcohol dehydrogenation (step 
(II)) with an “auto-transfer” in the catalytic reduction of nitrobenzene to aniline (step 
(I)). As aniline is a strong nucleophile it undergoes facile condensation with 
benzaldehyde to the target imine (step (III)) [5.45]. This represents innovation in 
process intensification and enhanced sustainability relative to conventional multi-
stepped methodologies that require an external H2 supply [5.2-5.4,5.8,5.10]. A temporal 
decline in activity and imine production was observed (Fig. 5.4). Baiker [5.22] studying 
the gas phase (T = 510 K, P = 1 atm) cross-coupling alkylation of dimethylamine with 
1-dodecanol over Cu/Al2O3 reported a severe loss of activity that was ascribed to the 
formation of copper nitride (Cu3N) by Cu interaction with NH3 generated from 
disproportionation of dimethylamine.  
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Reaction temperature is a critical variable that can impact on reactant/intermediate 
activation, which in turn influences reaction rate and product distribution [5.46]. Imine 
formation rate (R), molar product (benzaldehyde/imine) ratio (N-C=O/N-C=N) and 
hydrogen utilisation efficiency, expressed as the ratio of mol H2 generated from benzyl 
alcohol dehydrogenation to mol imine produced (H2/–C=N) are presented as a function 
of temperature (448-498 K) in Table 5.2. An increase in temperature (to 498 K) at the 
reaction stoichiometry (inlet alcohol/nitroarene (–OH/–NO2) = 3) resulted in a greater 
imine formation rate (by a factor of over 50) with a higher imine composition in the 
product and improved H2 utilisation. The increased reaction rate can be attributed to 
greater hydrogen availability (from the Arrhenius plot in Fig. 5.3) in tandem with the 
increased H2 chemisorption capacity of Cu/SiO2 at higher temperatures as determined 
from H2 titration measurements. It should however be noted that product ratio (N-C=O/N-
C=N) was greater than that (= 2) shown in the reaction scheme (Fig. 5.1) and H2/–C=N 
exceeded the stoichiometry requirement (= 3) for full H2 utilisation (Table 5.2), 
necessitating further process and parameter optimisation. 
Table 5.2: Effect of reaction temperature (T) and inlet (alcohol/nitroarene) 
molar reactant ratio (–OH/–NO2) on imine formation rate (R), molar 
(benzaldehyde/imine) product ratio (N-C=O/N-C=N) and hydrogen utilisation 
efficiency (mol H2 generated from alcohol dehydrogenation per mol imine 
product (H2/–C=N)) in the coupled benzyl alcohol and nitrobenzene reactions 
over Cu/SiO2; Reaction conditions: T = 448-498 K, P = 1 atm. 
T 
(K) 
–OH/–NO2 
R 
(mmol molCu
-1
 h
-1
) 
N-C=O
 
/N-C=N H2/–C=N 
448 3 7 20.3 40 
473 3 66 6.8 10 
498 3 358 3.8 6 
498 1 67 3.7 6 
498 9 468 4.4 8 
 
 
It has been demonstrated that –OH/–NO2 is a critical parameter in determining 
product distribution in liquid phase cross-coupling [5.14]. A higher –OH/–NO2 served 
to increase imine formation rate (R) as shown in Table 5.2. This result suggests 
competition between nitrobenzene and benzyl alcohol for surface sites where higher 
alcohol content in the feed favours alcohol dehydrogenation (with greater hydrogen 
release) that enhanced the hydrogenation step. Shimizu et al. [5.47] proposed that 
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dehydrogenation was rate determining in the coupled reaction of aniline with benzyl 
alcohol in N2 for amine (N-benzylaniline) synthesis over Ni/Al2O3. Hydrogen 
utilisation (H2/–C=N) and product ratio (N-C=O/N-C=N) was largely insensitive to 
variations in –OH/–NO2 (Table 5.2). Incomplete H2 utilisation can be linked to the low 
hydrogenation activity of Cu catalysts. Incorporation of a second metal with greater 
hydrogenation capability can serve as a means of increasing imine production rate. A 
critical prerequisite is that the second metal must not promote side-reactions (e.g. 
benzyl alcohol hydrogenolysis and imine hydrogenation). Supported Pd, Pt and Ni 
exhibit high activity in the reduction of unsaturated functions (e.g. –NO2 and –C=O) 
but promote hydrogenolysis, generating a range of by-products (e.g. toluene) [5.48, 
5.49]. In contrast, nano-scale Au has displayed unique chemoselectivity for 
hydrogenation of –NO2 with other reactive groups (e.g. –C=O) [5.4] and was chosen in 
this study as a suitable candidate to improve hydrogen utilisation directed at higher 
imine production rates. 
5.3.2 Au/TiO2 and Au/MgO Characterisation (Pre-reaction) and Catalysis (Stand 
-Alone (Benzyl Alcohol) Dehydrogenation and (Nitrobenzene) Reduction) 
Titania supported Au was chosen here given facilitated adsorption/activation of –
NO2 on TiO2 and at the Au-TiO2 interface with enhanced selective nitroarene reduction 
rates [5.26]. In order to probe possible support effects we have also examined the 
performance of Au/MgO as an additive in the cross coupled reaction. The TPR profile 
of Au/TiO2 (Fig. 5.2(BI)) exhibits a single H2 consumption peak (Tmax = 378 K) that 
exceeds the amount needed for Au
3+
 reduction to Au
0 
(Table 5.1), suggesting partial 
support reduction [5.50]. Reduction of Au/MgO (Fig. 5.2(CI)) generated a broader 
higher temperature (Tmax = 510 K) signal, where H2 consumption was appreciably lower 
(Table 5.1) than that required for precursor reduction and can be ascribed to reduction 
pre-TPR during catalyst synthesis and drying [5.51]. Representative STEM images 
(BII, CII) and particle size distributions (BIII, CIII) are provided in Fig. 5.2. Au/TiO2 
is characterised by a narrow particle size range (1-6 nm) and a mean (3.2 nm) close to 
that of Cu/SiO2. In contrast, Au/MgO bore larger Au particles (1-15 nm, mean = 7.7 
nm), which is a consequence of preparation by impregnation that generates weak 
precursor-support interaction resulting in mobility and agglomeration during thermal 
treatment [5.52]. Gold particle size <10 nm has been identified as critical for significant 
activity in hydrogenation applications [5.35]. A significantly higher H2 chemisorption 
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capacity was recorded for Au/TiO2 relative to Au/MgO (Table 5.1) that can be linked to 
the smaller Au particle size [5.53] and a contribution due to the Au-TiO2 interface 
[5.54] which facilitates H2 activation/dissociation. The performance of Au/TiO2 and 
Au/MgO can be assessed against Cu/SiO2 in the stand-alone benzyl alcohol 
dehydrogenation and hydrogenation of nitrobenzene in Fig. 5.5. The results establish 
lower (by an order of magnitude) dehydrogenation rates for the two Au catalysts (Fig. 
5.5(A)). The negligible activity for gas phase alcohol dehydrogenation over supported 
Au recorded in this work is consistent with results for ethanol dehydrogenation over 
silica supported Au at T < 523 K [5.55]. Au/TiO2 delivered an appreciably higher 
nitrobenzene hydrogenation rate than Cu/SiO2 and Au/MgO (Fig. 5.5(B)) and can be 
correlated to the H2 chemisorption values in Table 5.1 and the promotional effect of 
TiO2 and the Au-TiO2 interface for –NO2 activation. 
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Fig. 5.5: Reaction rates for (A) dehydrogenation of benzyl alcohol and (B) 
hydrogenation of nitrobenzene over Cu/SiO2, Au/TiO2 and Au/MgO. Reaction 
conditions: T = 498 K, P = 1 atm. 
5.3.3 Cu/SiO2 combined with Au/TiO2 and Au/MgO: Catalytic Response in 
Coupled Reaction 
We first assessed the catalytic action of mixed (Cu + Au) catalysts by varying the 
Cu/Au molar ratio (10, 20 and 80). The results are presented in Table 5.3 and Fig. 5.6 
where benzaldehyde and target N-benzylideneaniline were the only detected products. 
Imine production was enhanced upon incorporating Au/TiO2 with Cu/SiO2 where rate 
increased at higher Au content (Cu/Au from 80 to 10). This demonstrates the 
contribution of Au/TiO2 to harness the hydrogen (generated from dehydrogenation, Fig. 
5.1, step (II)) and promote nitroarene reduction (step (I)) with subsequent condensation 
(aniline + aldehyde) to imine (step (III)). We envision a synergism between Au and Cu 
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Table 5.3: Imine formation rate (R), molar (benzaldehyde/imine) product ratio 
(N-C=O/N-C=N) and hydrogen utilisation efficiency (mol H2 generated from alcohol 
dehydrogenation per mol imine produced (H2/–C=N)) as a function of Cu/Au 
molar ratio for the coupled benzyl alcohol and nitrobenzene reactions over 
Cu/SiO2 and oxide supported Au + Cu physical mixtures; Reaction conditions: T = 
498 K, P = 1 atm, inlet alcohol/nitroarene molar ratio (–OH/–NO2) = 3. 
Catalyst   Cu/Au 
R 
(mmol molCu
-1
 h
-1
) 
N-C=O
 
/N-C=N H2/–C=N 
Cu/SiO2 - 358 3.8 6 
Cu/SiO2 +Au/TiO2 80 609 4.4 6 
Cu/SiO2 +Au/TiO2 20 1219 2.6 4 
Cu/SiO2 +Au/TiO2 10 1407 2.0 3 
Cu/SiO2 +Au/MgO 20 368 4.9 6 
Cu/SiO2 +Au/MgO 10 961 2.9 4 
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Fig. 5.6: Variation of fractional conversion (Xi) and product composition (Nj) with 
time on-stream for the coupled benzyl alcohol and nitrobenzene reactions as a 
function of Cu/Au ratio (: 10, : 20 and : 80) over (A) Cu/SiO2 + Au/TiO2 and 
(B) Cu/SiO2 + Au/MgO physical mixtures. Reaction conditions: T = 498 K, –OH/–
NO2 = 3, P = 1 atm. 
that is illustrated in the schematic representation in Fig. 5.7. The supported Cu phase 
promotes alcohol dehydrogenation with hydrogen abstraction (step (I)). Fridman et al. 
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[5.56] have proposed a two-step H abstraction mechanism for Cu catalysed 
cyclohexanol dehydrogenation where interaction between metal and the abstracted 
hydrogen resulted in the formation of transient Ru-H [5.57], Ag-H [5.45] and Ni-H 
[5.47]. Hydrogen on Cu sites (Cu-H) can “spillover” across the Cu-SiO2 interface, the 
physical interface with Au/TiO2 and onto Au sites (step (II)) [5.58] with auto-transfer in 
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Fig. 5.7: Schematic illustrating Cu-Au cooperation effect in imine production. 
the catalytic conversion of nitrobenzene to aniline (step (III)). Further hydrogenation of 
imine to N-benzylaniline (Fig. 5.1, step (IV)) was not observed which may be due to 
competition with nitrobenzene for surface hydrogen. We obtained full hydrogen 
utilisation (H2/–C=N = 3) and imine formation (N-C=O/N-C=N = 2) over Cu/SiO2 + 
Au/TiO2 at Cu/Au = 10. This represents unprecedented performance in terms of atom 
efficiency and hydrogen usage relative to conventional batch liquid phase reactions 
conducted in pressurised H2 (PH2 = 4-12 bar) [5.4]. Moreover, activity and selectivity in 
the coupled reactions over Cu/SiO2 + Au/TiO2 (Cu/Au = 10) were invariant for up to 6 h 
on-stream (Fig. 5.6(A)), which represents a marked improvement in stability relative to 
reaction over Cu/SiO2 (Fig. 5.4(A)). We could find no published study where the 
catalytic response in coupled reactions over physically combined Cu + Au catalysts has 
been investigated. We should note published work where physical mixtures of 
(graphite) supported Pd (or Pt) with supported bimetallic Fe-Ce exhibited higher 
stability and activity relative to the individual catalysts in the hydrogenation-
isomerisation of 1,3-butadiene to butane [5.59]. Incorporation of Au/MgO with Cu/SiO2 
(Table 5.3, Fig. 5.6(B)) also served to enhance imine production rate with increasing 
Au content (Cu/Au = 20 → 10). This is again indicative of a cooperative effect in terms 
of alcohol dehydrogenation at Cu sites (Fig. 5.7, step (I)) with hydrogen release that 
works in tandem with –NO2 hydrogenation on Au/MgO (Fig. 5.7, step (III)). The 
promotional effect was not as significant as that observed with Au/TiO2, which can be 
attributed to the facilitated adsorption/activation of –NO2 on TiO2 and at the Au-TiO2 
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interface, greater hydrogen chemisorption capacity (Table 5.1) with resultant higher 
nitrobenzene reduction activity (Fig. 5.5(B)) of the latter [5.26]. 
5.3.4 Cu/SiO2 and Cu/SiO2 combined with Au/TiO2: Characterisation (Post-
reaction) 
Given the decline in activity with time on-stream over Cu/SiO2 (Fig. 5.4(A)) we 
subjected a spent sample to characterisation measurements in order to arrive at a 
possible cause for catalyst deactivation. We also carried through the same analyses for a 
spent Au/TiO2 + Cu/SiO2 (Cu/Au = 10) physical mixture that delivered full 
conversion/hydrogen utilisation over 6 h on-stream (Fig. 5.6(A)). Catalyst deactivation 
in reactions involving alcohols and amines (or nitro-compounds) has been ascribed to 
active site occlusion/poisoning (e.g. nitride formation [5.22], coke [5.60] and 
amine/nitro-compound deposition [5.24]) and/or changes to the oxidation state of the 
active metal [5.61]. Analysis by XPS provides information on surface composition and 
the chemical/electronic state of the supported metal phase. Spectra over the C1s (A) and 
Cu 2p3/2 (B) binding energy (BE) regions are shown in Fig. 5.8. The C1s profile for 
unused Cu/SiO2 (AI) exhibits a contribution due to adventitious carbon (BE = 284.5 
eV) with a secondary peak (BE = 286.1 eV) corresponding to C–OH or C–O–C [5.32]. 
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Fig. 5.8: XPS spectra: (A) C1s and (B) Cu 2p3/2 (I) pre- and (II) post-reaction over 
Cu/SiO2 and (III) after reaction over Cu/SiO2 + Au/TiO2; experimental data are 
given by  where lines represent the fits with peak. 
An additional peak at 288.7 eV for the spent Cu/SiO2 (AII) can be tentatively linked to 
the carboxyl functionality in benzoate species (BE = 288.6-289.1 eV) [5.62]. The Cu 
2p3/2 spectrum for the passivated unused Cu/SiO2 (BI) presents a principal peak at BE = 
933.2 eV characteristic of electron deficient copper (Cu
δ+ 
= 933.0-933.6 eV) [5.63]. The 
spectrum also shows a secondary peak at higher BE = 934.1 eV that corresponds to 
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CuO
 
(BE = 934.0 eV [5.29]) and may be due to surface Cu oxidation during passivation 
[5.64]. Post-reaction (BII), a peak at higher BE (936.5 eV) suggests a surface ionic Cu 
species [5.65.5.66] that can be ascribed to copper benzoate formation. A decrease in 
CuO was accompanied which can be tentatively attributed to the transformation (of 
CuO) to copper benzoate. The formation of a surface benzoate has been proposed 
elsewhere [5.67] for reaction of benzaldehyde over oxide (SiO2, TiO2, ZrO2 and CeO2) 
supported Cu under similar reaction conditions (T = 373-623 K) to those used in this 
work. The occurrence of Cu benzoate resulting from surface reaction of benzaldehyde 
with water (release from –NO2 reduction) can reduce the number of available active 
sites and inhibits benzyl alcohol dehydrogenation, limiting hydrogen generation and 
subsequent nitrobenzene reduction and imine formation. The spectrum for the used 
Cu/SiO2 over the N1s region (396-400 eV, not shown) did not present any detectable 
signals and we have no evidence for the formation of copper nitride and/or nitrogenous 
species (T = 510 K, P = 1 atm) as has been proposed elsewhere [5.22].  
The XPS profile of the (Au + Cu) physical mixture post-reaction (Fig. 5.8(AIII)) 
exhibits a C1s peak at 287.8 eV that falls within the BE range (287.3-287.9 eV) 
reported for –C=O species [5.68-5.70], and can be attributed to benzaldehyde deposition 
on catalyst surface. Liu and co-authors [5.69] attributed a C1s signal at 287.8 eV to 
aldehyde deposition on copper surface during furfural hydrogenation. In contrast to the 
spent Cu/SiO2, there was no detectable C1s signal attributable to a benzoate. The 
absence of –C=O peak can be linked to the transformation of benzaldehyde to benzoate. 
In the Cu 2p3/2 BE range (Fig. 5.8(BIII)), peaks characteristic of Cu
δ+
 and CuO were 
observed with no signal at BE > 936 eV for Au/TiO2 + Cu/SiO2. This suggests 
suppressed benzoate formation in the presence of Au/TiO2. The incorporation of 
Au/TiO2 with Cu/SiO2 provides a more efficient site for nitrobenzene hydrogenation 
and aniline condensation with benzaldehyde (Fig. 5.7). This can act to ameliorate Cu 
deactivation as benzaldehyde reaction and –NO2 reduction (with H2O generation) 
proceeds at Au sites. The BE for Au 4f7/2 (83.2 ± 0.2 eV) and Au 4f5/2 (86.7 ± 0.2 eV) 
were lower than the reference Au
0
 (84.0 eV and 87.8 eV) [5.71], suggesting the 
formation of an electron rich (Au
δ-
) phase as a result of electron donation from TiO2 
[5.72]. There was no measurable difference in Au BE pre- and post-reaction (profiles 
not shown). 
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The possible formation of carbonaceous deposits was further evaluated by TGA-
DSC and elemental (C, H and N) analysis; the results are presented in Fig. 5.9. Pre-
reaction, Cu/SiO2 (I) and Cu/SiO2 + Au/TiO2 (II) exhibited a similar (2-3% w/w) mass 
loss at T ≤ 373 K due to water removal (Fig. 5.9(A)). Both spent samples displayed an 
additional higher temperature mass loss that can be attributed to combustion of 
carbonaceous species [5.60]. Elemental analysis (see inset Table in Fig. 5.9(A)) 
revealed a higher carbon content on the spent Cu/SiO2 relative to the physical mixture. 
 
Fig. 5.9: (A) TGA profiles for catalysts pre-reaction (solid lines: (I) Cu/SiO2; (II) 
Cu/SiO2 + Au/TiO2) and post-reaction (dashed lines: (III) Cu/SiO2; (IV) Cu/SiO2 + 
Au/TiO2); Inset table: element (C, H and N) analysis and (B) DSC analysis of 
Cu/SiO2 (solid line) and Cu/SiO2 + Au/TiO2 (dashed line) post-reaction. 
There was no measurable N content, consistent with XPS results. The DSC profile of 
the spent Cu/SiO2 (Fig. 5.9(B)) exhibits two exothermic mass losses (at 602 K and 702 
K) during the temperature program oxidation, indicative of different structural carbon 
deposits on the catalyst surface after reaction. The lower temperature exothermic mass 
loss matches that (553-613 K) corresponding to combustion of amorphous aromatic 
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carbonaceous species [5.73,5.74]. Based on the DSC work of Siqueira et al. [5.75], the 
exothermic mass loss at higher temperature can be attributed to combustion of (copper) 
benzoate species. The DSC profile for the used Cu/SiO2 +
 
Au/TiO2 mixture presents a 
principal mass loss at lower temperature (582 K) with a secondary shoulder at 690 K. 
This can be taken as indicative of limited deposition of surface benzoate as suggested 
by the XPS analysis.  
5.4 Conclusion 
We have established the viability of ‘‘hydrogen-free’’ imine (N-benzylideneaniline) 
production via continuous gas phase cross coupling of benzyl alcohol dehydrogenation 
with nitrobenzene hydrogenation and condensation over physical mixtures of supported 
Cu and Au catalysts. Dehydrogenation of benzyl alcohol to benzaldehyde over Cu/SiO2 
(mean Cu size = 3.1 nm) delivered a ten-fold higher rate than Au/TiO2 (mean Au size = 
3.2 nm) where the latter exhibited significantly greater H2 chemisorption capacity and 
nitrobenzene hydrogenation rate. Reaction over Cu/SiO2 promoted cross coupling to 
imine where an increase in temperature and inlet reactant alcohol/nitroarene ratio (–
OH/–NO2) served to enhance imine formation. The Cu catalyst suffered severe temporal 
decline in activity and selectivity that is linked to carbon (benzoate species from XPS 
and TGA-DSC measurements) deposition where low hydrogen utilisation is due to the 
low hydrogenation capacity of Cu. Incorporation of Au/TiO2 with Cu/SiO2 resulted in 
(4-fold) higher imine production rate with full hydrogen utilisation at Cu/Au = 10. We 
attribute this effect to synergism between Cu and Au where hydrogen release from 
benzyl alcohol dehydrogenation on Cu was transferred to Au for nitrobenzene reduction 
(to aniline) and subsequent condensation with benzaldehyde to the imine. The 
promotional effect of Au/TiO2 was greater than that observed with the addition of 
Au/MgO and can be attributed to the greater H2 chemisorption capability and –NO2 
reduction capacity of the former. Coupled reaction over Cu + Au exhibited stable 
performance with time on-stream where predominant hydrogenation and condensation 
on Au sites circumvents Cu deactivation. Our results establish the feasibility of 
continuous stable gas phase synthesis of imine using a ‘‘hydrogen borrowing’’ strategy 
over combined supported Cu and Au catalysts.  
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Chapter 6                                                                                     
‘‘Hydrogen Free’’ Production of 2-Butanone and Aniline over 
Cu/SiO2 via Reaction Coupling   
In this chapter, a coupled reaction system for the simultaneous production of 2-
butanone (from 2-butanol dehydrogenation) and aniline (from nitrobenzene 
hydrogenation) over Cu/SiO2 in continuous gas phase operation without an external H2 
supply is examined with copper structure-sensitivity. Hydrogen utilisation efficiency is 
compared with conventional hydrogenation using pressurised hydrogen. 
6.1 Introduction 
Catalytic hydrogenation is essential in the manufacture of bulk and fine chemicals 
[6.1]. These processes are typically conducted where hydrogen is far in excess of 
stoichiometric requirements and is taken from an external pressurised supply that is 
generated using fossil fuel based technologies [6.2]. Issues of sustainable production 
and safe handling are now drivers for alternative sources of hydrogen and/or hydrogen 
donors. Several hydrogen carriers including hydrazine [6.3], ammonia-borane 
complexes [6.4], esters [6.5], alcohols [6.6] and acids [6.7] have been employed in 
homogeneous and heterogeneous transfer hydrogenation but application is hampered 
due to the required separation steps for catalyst reuse. A continuous heterogeneous 
catalytic system that combines dehydrogenation with hydrogen release that is utilised in 
hydrogenation represents an alternative approach that circumvents the requirement for 
an external hydrogen supply. Moreover, the formation of two commercial products 
(from both dehydrogenation and hydrogenation) offers clear advantages over 
conventional transfer hydrogenation processes in terms of sustainable chemical 
manufacture. It is striking that the number of published studies on coupled 
heterogeneous catalysis systems is so limited. This is possibly due to the requirement 
for a catalytic component active for both dehydrogenation and hydrogenation. 
Nonetheless, we can flag the coupling of ethylbenzene dehydrogenation with 
nitrobenzene hydrogenation over Pt/C [6.8], the butanediol/maleic anhydride 
combination over Cu-Zn [6.9] and cyclohexanol/furfural conversion over Cu based 
catalysts [6.10,6.11]. Differences in reactivity of the two reactants, the possibility of 
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cross reaction between the target products and/or reactants and ease of product 
separation are crucial considerations. Nagaraja et al. [6.10,6.11] studying coupled 
cyclohexanol dehydrogenation/furfural hydrogenation demonstrated that product yields 
were constrained by hydrogen generation due to the thermodynamic equilibrium that 
controls the dehydrogenation step. Climent and co-workers [6.12] examined the 
coupling of glycols with 1,2-dinitrobenzene and reported cross reaction of dicarbonyl 
compounds (formed from glycol dehydrogenation) and phenylenediamine (generated 
from 1,2-dinitrobenzene reduction) to generate quinoxaline. 
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Fig. 6.1: Schematic reaction scheme for 2-butanol dehydrogenation to the target (I) 
2-butanone and undesired (II) dehydration to butene and (III) dimerisation to 
octanone and/or octanol isomers; nitrobenzene hydrogenation to the target (IV) 
aniline, the intermediates (V) nitrosobenzene and (VI) phenylhydroxylamine and 
undesired condensation to (VII) azobenzene and (VIII) azoxybenzene; (IX) 
coupled system; solid arrows denote target reactions while dashed arrows indicate 
routes to undesired intermediates and products. 
 
The selective catalytic dehydrogenation of 2-butanol to 2-butanone (Fig. 6.1 step 
(I)), used as a solvent for gums, resins, cellulose acetate and nitrocellulose coatings and 
vinyl films, is an important industrial process [6.13]. The reaction has been primarily 
conducted over oxide supported Cu [6.14-6.16] although application of Ag [6.17] and 
Pd [6.18] based catalysts has also been reported. High selectivity to the target 2-
butanone is challenging due to possible formation of butene via dehydration (step (II)) 
[6.14,6.19] and/or dimerisation to octanone/octanol isomers (step (III)) [6.16]. Aniline 
is used in the manufacture of dyes, pigments, herbicides and a range of pharmaceuticals 
[6.20]. Commercial production via catalytic hydrogenation of nitrobenzene (step (IV)) 
mainly draws on liquid-phase reaction over supported Ni [6.21,6.22], Pt [6.23-6.25] and 
Pd [6.26,6.27] but the formation of toxic by-products (nitrosobenzene (V), 
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phenylhydroxylamine (VI), azobenzene (VII) and azoxybenzene (VIII), see Fig. 6.1) 
and the necessity for high reaction pressures (2-50 atm) [6.21,6.27] are still major 
drawbacks. In this study we have investigated, for the first time, the feasibility of 
sustainable (ambient pressure) gas phase continuous production of aniline and 2-
butanone over Cu/SiO2 in the absence of an external hydrogen supply by coupling 2-
butanol dehydrogenation with nitrobenzene hydrogenation. We correlate catalyst 
performance with surface structural properties and evaluate hydrogen utilisation 
efficiency, as a critical sustainability parameter, for the independent and coupled 
reactions. 
6.2 Experimental 
6.2.1 Materials and Catalyst Preparation 
Two (15.9 and 1.8% w/w) Cu/SiO2 catalysts were prepared by deposition-
precipitation with NaOH (Riedel-de Haën). The (fumed) SiO2 support and Cu(NO3)2 
were supplied by Sigma-Aldrich and used as received. The silica powder (20 g) was 
dispersed in a solution (200 cm
3
) of Cu(NO3)2 (0.25 and 0.03 M for high and low 
loadings, respectively). The suspension was stirred (600 rpm) at room temperature for 
1 h, followed by addition of an aqueous NaOH solution (2 M) until pH >10, heated to 
353 K and aged under vigorous stirring for 4 h to ensure homogeneous copper 
deposition [6.28]. The solid was separated by filtration, washed with distilled water 
(until pH = 7) and dried at 393 K overnight. The dried sample was calcined in air (at 10 
K min
-1
 to 723 K for 4 h) to generate a supported copper oxide (CuO) phase [28] and 
sieved (ATM fine test sieves) to mean particle diameter = 75 μm. Before reaction, the 
catalyst precursor was activated in 60 cm
3
 min
-1
 H2 at 4 K min
-1
 to 543 K, which was 
maintained for 2 h. Samples were passivated at ambient temperature in 1% v/v O2/He 
for ex situ characterisation. 
6.2.2 Catalyst Characterisation 
Copper loading was determined by atomic absorption spectroscopy using a 
Shimadzu AA-6650 spectrometer with an air-acetylene flame from the diluted extract in 
aqua regia (25% v/v HNO3/HCl). Temperature programmed reduction (TPR) and H2 
chemisorption measurements were conducted on the commercial CHEM-BET 3000 
(Quantachrome Instrument) unit with data acquisition/manipulation using the TPR 
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Win
TM
 software. Samples were loaded into a U-shaped Pyrex glass cell (3.76 mm i.d.) 
and heated in 17 cm
3
 min
-1
 (Brooks mass flow controlled) 5% v/v H2/N2 at 4 K min
-1 
to 
543 K, swept with 65 cm
3
 min
-1
 N2 for 1.5 h, cooled to ambient temperature and 
subjected to H2 chemisorption by pulse (10 μl) titration. In a blank test, there was no 
measurable H2 uptake on the SiO2 support alone. The effluent gas passed through a 
liquid N2 trap and H2 consumption was monitored by a thermal conductivity detector 
(TCD). Nitrogen adsorption-desorption isotherms were obtained using the commercial 
Micromeritics Gemini VII 2390p system. Prior to analysis, the samples were outgassed 
at 423 K for 1 h in N2. Total specific surface area (SSA) and cumulative pore volume 
were obtained using the standard BET method and BJH analysis, respectively. Powder 
X-ray diffractograms (XRD) were recorded on a Bruker/Siemens D500 incident X-ray 
diffractometer using Cu Kα radiation. Samples were scanned at 0.01º step-1 over the 
range 30º ≤ 2θ ≤ 85º and the diffractograms identified against the JCPDS-ICDD 
reference (Cu (04-0836)). Copper particle morphology (size and shape) post-TPR was 
examined by scanning transmission electron microscopy (STEM, JEOL 2200FS), 
employing Gatan Digital Micrograph 1.82 for data acquisition/manipulation. Samples 
for analysis were prepared by dispersion in acetone and deposited on a holey carbon/Cu 
grid (300 Mesh). The surface area weighted mean Cu size (d) was based on a count of 
up to 800 particles  
3
2
i i
i
i i
i
n d
d
n d


                                                          (6.1) 
where ni is the number of particles of diameter di. X-ray photoelectron spectroscopic 
(XPS) analysis was conducted on an Axis Ultra instrument (Kratos Analytical) at ultra-
high vacuum conditions (<10
-8
 Torr) with a monochromatic Al Kα radiation (1486 eV). 
The Cu 2p3/2 spectra were collected and binding energies (BE) calibrated with respect to 
the C 1s peak (284.5 eV). The Cu 2p3/2 spectra were fitted with abstraction of the 
Shirley background using the Gaussian-Lorentzian function in XPSPEAK 41. 
6.2.3 Catalytic Procedure 
Reactions (stand-alone 2-butanol dehydrogenation and nitrobenzene hydrogenation 
and coupled dehydrogenation/hydrogenation) were carried out at atmospheric pressure 
in situ after catalyst activation in a continuous flow fixed bed vertical glass reactor (i.d. 
= 15 mm) at 423-523 K under operating conditions that ensured negligible heat/mass 
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transport limitations. A layer of borosilicate glass beads served as preheating zone 
where the reactant(s) (2-butanol and/or nitrobenzene) was (were) vaporised and reached 
reaction temperature before contacting the catalyst bed. Isothermal conditions (±1 K) 
were maintained by diluting the catalyst bed with ground glass (75 µm); the ground 
glass was mixed thoroughly with the catalyst before insertion into the reactor. Reaction 
temperature was continuously monitored by a thermocouple inserted in a thermowell 
within the catalyst bed. The reactant(s) was (were) delivered to the reactor via a 
glass/teflon air-tight syringe and teflon line using a microprocessor controlled infusion 
pump (Model 100 kd Scientific). The independent (uncoupled) reactions were conducted 
in a co-current flow of N2 with 2-butanol (GHSV = 5 × 10
3
 h
-1
, molar Cu to reactant feed 
rate (nCu/F) = 8.8 × 10
-4
 - 1.2 × 10
-2
 h, X = 0.04-0.29) or H2 with nitrobenzene (GHSV = 
1 × 10
4
 h
-1
, nCu/F = 6 × 10
-3
 - 3 × 10
-2
 h, X = 0.03-0.16). The coupled reaction was 
carried out in N2 (GHSV = 1.2 × 10
3
 h
-1
, nCu/F = 3 × 10
-2
 - 6 × 10
-2
 h). In a series of 
blank tests, passage of each reactant in a stream of H2 or N2 through the empty reactor or 
over the (SiO2) support alone did not result in any detectable conversion. The reactor 
effluent was condensed in a liquid nitrogen trap for subsequent analysis using a Perkin-
Elmer Auto System XL gas chromatograph equipped with a programmed split/splitless 
injector and a flame ionisation detector, employing a DB-1 (50 m × 0.33 mm i.d., 0.20 μm 
film thickness) capillary column (J&W Scientific). Data acquisition and manipulation were 
performed using the TurboChrom Workstation Version 6.3.2 (for Windows) 
chromatography data system. 2-Butanol (Sigma-Aldrich, ≥99%), 2-butanone (Sigma-
Aldrich, ≥99%), nitrobenzene (Riedel-de Haën, ≥99%) and aniline (Sigma-Aldrich, 
≥99%) were used without further purification. All gases (O2, H2, N2 and He) were of high 
purity (>99.98%, BOC). Reactant (i) fractional conversion (X) is defined by 
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and yield (Y) to product (j) is obtained from 
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(6.3) 
where subscripts “in” and “out” refer to the inlet and outlet gas streams, respectively. 
Catalytic activity is quantified in terms of initial reactant consumption rate (R0, 
molreactant molCu
-1
 h
-1
) extracted from time on-stream measurements. Turnover frequency 
(TOF, rate per active site) is obtained from  
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where D is the metal dispersion (surface atomCu/total atomCu) determined from STEM 
measurements. Repeated reactions using different samples from the same batch of catalyst 
delivered raw data reproducibility and mass balance to within ±5%. 
6.3 Results and Discussion 
6.3.1 Catalyst Characterisation 
The physico-chemical properties of the two Cu/SiO2 catalysts used in this study are 
recorded in Table 6.1. The SSA and cumulative pore volume of the activated catalysts 
were lower than that of the starting SiO2 support (223 m
2
 g
-1
, 0.35 cm
3
 g
-1
). Guerreiro et 
al. [6.29] attributed a decrease in SSA (425 → 198 m2 g-1) for (2.6% w/w) Cu/SiO2 
relative to the starting SiO2 to modifications to the support pore structure caused by the 
high solution pH (11.5) used in catalyst preparation. The TPR profiles (Fig. 6.2(AI-AII)) 
  
Table 6.1: Copper loading, specific surface area (SSA), 
cumulative pore volume, H2 consumption during temperature 
programmed reduction (TPR), Cu particle size range and 
mean (d), ambient temperature H2 chemisorption and 
principal XPS Cu 2p3/2 binding energy (BE). 
 
Cu content (%, w/w) 15.9 1.8 
SSA (m
2
 g
-1
) 163 192 
Pore volume (cm
3
 g
-1
) 0.26 0.34 
TPR H2 consumption (mmol gCu
-1
) 18.6 15.6 
Cu size range (nm) 1-15 1-6 
d  (nm) 7.8
 
3.1 
H2 chemisorption (µmol gCu
-1
) 7 25 
XPS Cu 2p3/2 BE (eV) 932.8 933.2 
 
 
for both catalyst precursors are similar and characterised by H2 consumption (see Table 
6.1) at the final isothermal hold (543 K) that was close to that required for Cu
2+
 
reduction to Cu
0 
(16 mmol gCu
-1
). Reduction over the 410-550 K temperature range has 
been reported elsewhere for the transformation of bulk CuO to zero valent Cu [6.28]. 
Smith and co-workers [6.30], investigating the reduction of Cu/SiO2 as a function of 
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temperature by in situ XRD, proposed a stepwise Cu
2+
 → Cu+ → Cu0 sequence where 
metallic copper prevailed at T >523 K. Structural analysis of the activated Cu/SiO2 by 
XRD generated the diffractograms presented in Fig. 6.2(B). The XRD pattern of the Cu 
rich sample (I) exhibits diffraction peaks at 2θ = 43.6°, 50.8° and 73.9° that match Cu 
(111), (200) and (220) planes (JCPDS-ICDD Cu (04-0836)). There was no detectable 
signals due to bulk copper oxides (tenorite (CuO, 2θ = 35.5°, 38.7° and 48.7° (05-
0661)) or cuprite (Cu2O, 2θ = 36.6° (05-0667))), confirming full reduction to metallic 
copper following TPR. The XRD pattern for the lower loaded Cu/SiO2 (II) was 
featureless and the absence of Cu diffraction peaks suggests the presence of a well 
dispersed metal phase. It should be noted Grunwaldt et al. [6.31] did not observe any 
XRD peaks for 4.5% w/w Cu/ZnO prepared by precipitation, which they attributed to 
high Cu dispersion (Cu size <3 nm).  
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Fig. 6.2: (A) Temperature programmed reduction (TPR) profiles and (B) XRD 
patterns associated with (I) 15.9% and (II) 1.8% w/w Cu/SiO2.  
 
Copper particle morphology (size and shape) was analysed by STEM analysis and 
representative images are provided in Fig. 6.3 for 15.9% w/w (AI) and 1.8% w/w 
Cu/SiO2 (AII). In both cases, the metal particles exhibit a quasi-spherical shape. Huang 
et al. [6.28] reported the formation of fibrous and spherical particles in 30% w/w 
Cu/SiO2 prepared by deposition-precipitation and activated (in H2) at 553 K that they 
attributed to copper phyllosilicate and copper nano-crystals, respectively. The metal 
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particles associated with the higher loading fall within a relatively broad size range (1-
15 nm) with 80% of the total particle count below 6 nm (Fig. 6.3(BI)) to give a surface 
area weighted mean of 7.8 nm (Table 6.1). The 1.8% w/w loading is characterised by a 
narrower size distribution (1-6 nm, Fig. 6.3(BII)) with an associated mean of 3.1 nm and 
 
Fig. 6.3: (A) Representative STEM images with (B) associated Cu particle size 
distribution histograms and (C) XPS spectra over the Cu 2p3/2 core level for (I) 
15.9% and (II) 1.8% w/w Cu/SiO2. 
 
the majority of particles in the 1-3 nm interval, which can account for the absence of 
XRD signal due to Cu (see Fig. 6.2(BII)). The higher Cu loading must be subjected to 
particle agglomeration during thermal treatment that resulted in the larger mean size 
[6.32]. Lambert and co-workers [6.33] also observed bigger metal particles (2 → 30 
nm) in Cu/SiO2 co-gelled xerogel catalysts with increasing loading (0.1-4.5% w/w). 
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Hydrogen chemisorption is a critical catalyst characteristic in hydrogenation 
applications. Ambient temperature H2 uptake for both catalysts (Table 6.1) falls within 
the range of values (0.8-158 µmol gCu
-1
) reported elsewhere for (Al2O3 [6.34] and C 
[6.35]) supported Cu samples. We can note here that H2 uptake was significantly lower 
than that reported elsewhere for typical oxide supported transition metal catalysts, e.g. 
Pd/SiO2 (120 μmol gPd
-1
) [6.36] and Ni/SiO2 (600 μmol gNi
-1
) [6.37], which can account 
for the observed lower activity reported for Cu catalysts in hydrogenation reactions 
[6.38]. The markedly lower specific H2 chemisorption associated with the higher Cu 
loading (Table 6.1) is consistent with the reported limited H2 chemisorption capacity 
for larger (>3 nm) Cu particles [6.39]. XPS measurements were conducted to evaluate 
the electronic properties of the supported Cu phase in both catalysts. The spectra over 
the Cu 2p3/2 binding energy (BE) region are shown in Fig. 6.3(C) and the BE values are 
given in Table 6.1. The Cu 2p3/2 profile for the passivated 15.9% w/w Cu/SiO2 (I) 
presents a principal peak at BE = 932.8 eV, which matches the value reported for 
reduced Cu
0
 species [6.40]. The main XPS signal appears at higher BE (= 933.2 eV) for 
1.8% w/w Cu/SiO2, suggesting the presence of electron deficient (Cu
δ+
 and/or Cu
+
) 
surface species (Cu
2+ 
BE = 934.0 eV [6.41]). Support interactions and metal particle 
size (coordination number) can impact on the electronic character of the metal phase 
with associated shifts in BE [6.42]. The formation of Cu-O-M bonds at the Cu-oxide 
interface and contributions due to bridging oxygens with different electronic properties 
from the bulk oxide can modify the electronic structure of supported Cu. Chen et al. 
[6.43] have attributed the occurrence of partially electropositive Cu nanoparticles (2.9 
nm) on SiO2 to electron transfer to the support oxygens. Moreover, a displacement to 
higher BE (by 0.5-1.0 eV) with decreasing metal particle size (from bulk → Cu3 cluster) 
has been reported elsewhere for Cu clusters deposited on a silicon wafer [6.44]. In this 
work more than 30% of the total Cu content in the lower loaded sample exhibited sizes 
<2 nm, which can contribute to the positive Cu 2p3/2 BE shift. Both spectra exhibit two 
additional peaks at higher BE characteristic of surface Cu
2+
 species (XPS peak at ca. 
934-936 eV with a satellite peak around 943-944 eV) that can result from (surface) 
oxidation during the passivation step conducted for ex situ characterisation, as reported 
previously [6.45].  
6.3.2 Catalytic Response 
We first examined independently the dehydrogenation of 2-butanol (in N2) and 
nitrobenzene hydrogenation (using an external H2 supply) over both Cu/SiO2 catalysts 
 101 
in the 423-523 K temperature range; the results are presented in Fig. 6.4. 
Dehydrogenation of 2-butanol resulted in exclusive production of 2-butanone with no 
detectable dehydration (step (II) in Fig. 6.1) and/or dimerisation (step (III) in Fig. 6.1). 
This is significant given the number of studies that have failed to achieve full selectivity 
to 2-butanone [6.14,6.16]. The exclusive production of 2-butanone achieved in this 
study can be associated with the lower reaction temperature employed. Keuler and co-
workers [6.14] reported a decrease in 2-butanone selectivity (from 100 → 83%) with 
increasing temperature (513 → 663 K) over Cu/SiO2 due to 2-butene formation. Fang et 
al. [6.16] observed 2-butanol dimerisation (to octanone and octanol isomers) over 
surface acid sites on Cu/Zn-Al2O3 at higher temperatures and equivalent degree of 
conversion to that in our work (≤0.3). The applicability of a pseudo-first order kinetic 
treatment has been established for the catalytic dehydrogenation of cyclohexane [6.46] 
and hydrogenation of dinitrobenzene [6.47] where the following expression applies  
Cu
i,0
=
1
ln
(1- )
n
k
X F
   
   
    
                                              (6.5) 
Xi,0 is the initial fractional conversion; (nCu/F) has the physical meaning of contact time. 
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Fig. 6.4: (A) Arrhenius plot and (B) turnover frequency (TOF) as a function of 
reaction temperature (T) for stand-alone (I) 2-butanol dehydrogenation and (II) 
nitrobenzene hydrogenation over 15.9% w/w Cu/SiO2 (■, ○, solid and hatched 
bars) and 1.8% w/w (×, , open and cross-hatched bars). Reaction conditions: T = 
423-523 K, P = 1 atm.  
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The associated Arrhenius plots using the extracted rate constants (k) for both catalysts 
are presented in Fig. 6.4(AI) where an equivalent apparent activation energy (56±1 kJ 
mol
-1
) was obtained, close to that (65 kJ mol
-1
) reported for reaction over Cu/ZnO/Al2O3 
[6.48]. In order to compare the intrinsic activity of the two catalysts, which bear 
different Cu size distributions and mean (Fig. 6.3(A-B)), 2-butanol specific activity or 
turnover frequency (TOF) was calculated (see section 2.3) and the temperature 
dependence is illustrated in Fig. 6.4(BI). The Cu rich catalyst (mean = 7.8 nm) 
delivered a specific dehydrogenation rate that was three times greater than that for the 
lower loading (mean = 3.1 nm). This response suggests antipathetic structure sensitivity 
where enhanced intrinsic dehydrogenation efficiency is associated with larger Cu 
nanoparticles (3.1→7.8 nm). Lambert et al. [6.15] also recorded a greater 2-butanol 
dehydrogenation rate over Cu/SiO2 with larger Cu size (from 3 to 30 nm). Differences 
in catalytic dehydrogenation performance over metal nanoparticles have been ascribed 
to variations in active site electronic character. Fridman et al. [6.49] have proposed a 
two-step mechanism for Cu
0
 catalysed cyclohexanol dehydrogenation where abstraction 
of the second H from the alkoxide intermediate generated by H elimination from the 
hydroxyl group was rate determining. Shimizu and co-workers, studying the mechanism 
of alcohol dehydrogenation over Ni/Al2O3 [6.50] and Pt/Al2O3 [6.51] by in situ IR 
spectra, reported that C-H activation/dissociation of the alkoxide intermediate occurred 
on zero valent Ni and Pt sites. The higher TOF obtained with 15.9% w/w Cu/SiO2 can 
be linked to the uncharged (from XPS analysis) character of the Cu sites that must 
facilitate adsorption of the alkoxide intermediate via interaction with the polarised 
carbon and abstraction of the second H atom. This step is not favoured to the same 
extent on 1.8% w/w Cu/SiO2 due to the presence of surface electron deficient species 
that inhibit dehydrogenation activity due to repulsive effects with respect to the 
polarised alkoxide.  
Gas phase nitrobenzene hydrogenation over Cu/SiO2 generated aniline as sole 
product. Industrial aniline production via high pressure (2-50 atm) batch liquid-phase 
hydrogenation over supported Pd [6.27] or Pt [6.52] catalysts generates toxic by-
products (phenylhydroxylamine (VI), azobenzene (VII), and azoxybenzene (VIII), see 
Fig. 6.1). In contrast to dehydrogenation, the lower loaded Cu/SiO2 delivered a (two-
fold) higher TOF (Fig. 6.4(BII)), i.e., sympathetic structure sensitivity with higher 
intrinsic hydrogenation efficiency over smaller Cu nanoparticles (7.8 → 3.1 nm). We 
can correlate this with the greater levels of H2 chemisorption recorded in Table 6.1 on 
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smaller supported Cu particles. The extracted apparent activation energies obtained 
from the Arrhenius plots (Fig. 6.4(AII)) were very close for both Cu loadings (29 ± 3 kJ 
mol
-1
) and within the range (12-54 kJ mol
-1
) reported for nitrobenzene hydrogenation 
over supported Ag [6.53], Pd [6.54] and Ni [6.22] catalysts. An essential requirement 
for effective dehydrogenation-hydrogenation coupling is that the former proceeds at a 
greater rate than the latter in order to ensure a sufficient H2 supply. This prerequisite is 
only met by the higher loaded Cu/SiO2 catalyst and, consequently, we employed 15.9% 
w/w Cu/SiO2 to test the viability of the coupled system. 
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Fig. 6.5: Variation of initial reaction rate (R0) as a function of temperature (T) in 
the coupled system with respect to (A) dehydrogenation of 2-butanol and (B) 
hydrogenation of nitrobenzene for reaction over 15.9% w/w Cu/SiO2. Reaction 
conditions: T = 448-523 K, P = 1 atm, 2-butanol/nitrobenzene molar ratio = 35.  
 
 
The results in terms of the temperature (448-523 K) dependence of reaction rate for 
the coupled system are presented in Fig. 6.5 with respect to (A) 2-butanone and (B) 
aniline production. The coupled system was 100% selective to the two target products 
where the generation of aniline (in N2 as carrier) demonstrates that the catalyst 
“borrowed” hydrogen generated in the dehydrogenation step with an “auto-transfer” in 
the catalytic conversion of nitrobenzene. Both products can be readily separated by 
standard distillation given the (105 K) difference in boiling points. An increase in 
activity at higher reaction temperature was observed for both reactions. This is 
consistent with the endothermicity of 2-butanol dehydrogenation (∆H = 54-57 kJ mol-1) 
[6.55] while the greater amount of hydrogen generated at elevated temperature resulted 
in increased aniline production. In addition to the hydrogen source, utilisation efficiency 
is a critical parameter that must be optimised to ensure sustainability. Hydrogen usage 
can be evaluated from the entries in Fig. 6.6 where the mol ratio of H2 (generated via 2-
butanol dehydrogenation (A) or as an external pressurised hydrogen supply (B)) to 
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aniline formation (H2/Aniline) is plotted as a function of temperature. The H2/Aniline 
ratio for “stand-alone” nitrobenzene hydrogenation (using  conventional  pressurised H2)  
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Fig. 6.6: Temperature dependence of hydrogen utilisation efficiency over 15.9% 
w/w Cu/SiO2 represented as the molar ratio of hydrogen supplied to aniline 
generated (H2/Aniline) for (A) coupled system (H2 generated from in situ 2-butanol 
dehydrogenation) and (B) stand-alone nitrobenzene hydrogenation. Reaction 
conditions: T = 448-523 K, P = 1 atm, 2-butanol/nitrobenzene molar ratio = 35. 
 
 
was up to 500 times greater than the stoichiometric (=3) requirement. This represents 
gross inefficiency in terms of unreacted hydrogen, highlighting a severe sustainability 
gap. Such limited H2 utilisation can be attributed to the low capacity of Cu to chemisorb 
and activate H2 [6.34,6.35] as established in the pulse titration measurements given in 
Table 6.1. In contrast, the coupled system exhibited dramatically lower H2/Aniline, 
demonstrating significantly improved hydrogen utilisation, i.e., the hydrogen generated 
in situ via catalytic dehydrogenation is more efficient as –NO2 reductant. Effective 
transfer and use of hydrogen in the coupled system can involve participation of 
abstracted hydrogen species that interact with copper (Cu-H, see step (IX) in Fig. 6.1). 
Nagaraja et al. [6.10] and Sawadjoon et al. [6.56] reached a similar conclusion in their 
analysis of the gas phase coupling of cyclohexanol dehydrogenation with furfural 
hydrogenation (T = 453-523 K, P = 1 atm) over Cu-MgO-Cr2O3 and liquid phase 
coupling of alcohol hydrogenolysis with formic acid as hydrogen donor (T = 353 K, P = 
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1 atm) over Pd/carbon, respectively. Moreover, there is evidence in the literature for the 
formation of transitory metal-H (Cu-H [6.57], Ru-H [6.58], Ag-H [6.59] and Ni-H 
[6.60]) species (via interaction with hydrogen abstracted from alcohols) that can serve 
as a source of reactive hydrogen. In this study, the abstracted hydrogen associated with 
copper (Cu-H) must participate in the nitrobenzene hydrogenation step. This supply of 
reactive hydrogen circumvents limitations associated with H2 activation/dissociation by 
Cu and contributes to enhanced hydrogen utilisation. The benefits in terms of atom 
efficiency and sustainability are immediate while replacement of compressed H2 has 
important safety implications for large scale production.  
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Fig. 6.7: Yield of (A) 2-butanone and (B) aniline as a function of inlet 2-butanol/ 
nitrobenzene molar ratio in the coupled dehydrogenation of 2-butanol and 
hydrogenation of nitrobenzene over 15.9% w/w Cu/SiO2. Reaction conditions: P = 1 
atm, T = 473 K, 2-butanol/nitrobenzene molar ratio = 30-45. 
 
 
It has been demonstrated [6.61,6.62] that the inlet H2/nitroarene ratio is a critical 
parameter in determining amine production rate where variations in H2 partial pressure 
impact on the available surface hydrogen. With the goal of further improving 
performance of the coupled system we examined the effect of modifying the 2-
butanol/nitrobenzene molar feed ratio; the results obtained are shown in Fig. 6.7. An 
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increase in 2-butanol/nitrobenzene served to increase the yield of both 2-butanone and 
aniline to reach 100% at 2-butanol/nitrobenzene = 45. A higher inlet ratio facilitates 
dehydrogenation with greater hydrogen release that, in turn, serves to promote 
nitrobenzene hydrogenation. This represents unprecedented coupling performance with 
respect to the literature where reported aniline yields have been below 80% (coupled 
with dehydrogenation of ethylbenzene [6.63] and butanediol [6.64]). In addition to 
thermodynamic constraints associated with hydrogen generation, Nagaraja et al. [6.10] 
concluded that the coupling of cyclohexanol dehydrogenation with furfural 
hydrogenation resulted in competitive adsorption on copper sites that inhibited 
hydrogen utilisation. Competition between 2-butanol and nitrobenzene for adsorption 
sites may be reflected in the observed (Fig. 6.7) dependence of product yield on reactant 
ratio. Nevertheless, adjustment of the feed composition allows full conversion to both 
target products, demonstrating the feasibility of applying catalytic dehydrogenation as 
an in situ source of hydrogen for reduction reactions. 
6.4 Conclusion 
The results presented in this study establish the viability of in situ hydrogen 
generation (from 2-butanol dehydrogenation) and direct utilisation (in nitrobenzene 
hydrogenation) over Cu/SiO2 (15.9 and 1.8% w/w) for the production of commercially 
important products (2-butanone and aniline). Dehydrogenation of 2-butanol is structure-
sensitive with a higher TOF over 15.9% w/w Cu/SiO2 with larger (mean = 7.8 nm) Cu 
particles. The larger nanoscale Cu
0
 (from XPS analysis) facilitates adsorption of the 
alkoxide intermediate via interaction with the polarised carbon and abstraction of the 
second H atom. In contrast, enhanced TOF in the hydrogenation of nitrobenzene has 
been recorded over 1.8% w/w Cu/SiO2 that exhibited smaller Cu nanoparticles (mean = 
3.1 nm) with greater H2 chemisorption capacity. Exclusive production of both 2-
butanone and aniline at full conversion has been achieved in the coupling of 2-butanol 
dehydrogenation with nitrobenzene hydrogenation over 15.9% w/w Cu/SiO2 in the 
absence of an external H2 supply. Hydrogen utilisation efficiency was appreciably 
greater (by a factor of up to 50) in the coupled system relative to conventional stand-
alone hydrogenation using pressurised hydrogen. This response can be attributed to the 
generation of reactive hydrogen associated with the Cu sites (Cu-H) that is effectively 
transferred for –NO2 reduction and circumvents the limitations associated with H2 
activation/dissociation by Cu. Our results open new possibilities for sustainable 
“hydrogen free” hydrogenation processes. 
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Chapter 7                                                                                     
Conversion of Benzyl Alcohol to Benzylamine via 
Dehydrogenation/Amination/Reduction over Cu and Au  
Conversion of benzyl alcohol via a tandem dehydrogenation/amination/reduction 
reaction as an alternative for benzylamine synthesis over Cu/SiO2 in the continuous gas 
phase operation is investigated in this chapter where the effect of Au/TiO2 on the 
product distribution is identified. 
7.1 Introduction 
Benzylamine is widely utilised as a corrosion inhibitor and intermediate in the 
manufacture of pharmaceuticals, detergents and nylon fibres [7.1]. The conventional 
manufacturing route via stoichiometric reaction of benzyl chloride with NH3 produces 
significant quantities of solid waste (e.g. NH4Cl) with HCl and/or Cl2 release [7.2]. 
Catalytic hydrogenation of benzonitrile to benzylamine has been examined in the liquid 
phase over (Al2O3 and SiO2) supported metals (Ni [7.3,7.4], Pd [7.5,7.6], Pt [7.7,7.8], 
Ru [7.9] and Co [7.10]) but the simultaneous generation of secondary/tertiary amines 
and toluene over these metals is a decided drawback. Use of NH3 [7.4,7.11], a biphasic 
medium (H2O-CO2 [7.12], aqueous NaH2PO4-CH2Cl2 [7.13]) and elevated pressure (10-
83 bar) is necessary to inhibit side-reactions. A search through the literature has 
revealed only two studies of gas phase reaction (over Cu/MgO [7.1] and Ni/Al2O3 
[7.14]) that resulted in benzylamine yields <70%. Catalytic reductive amination of 
benzaldehyde with NH3 without additives (NaH2PO4, CH2Cl2) represents an alternative 
route (Fig. 7.1 (path A→B)) to benzylamine. This reaction has been studied using soluble 
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Fig. 7.1: Reaction pathways for reductive amination of benzaldehyde (solid arrow: 
target pathway; dashed arrow: side-reaction pathway). 
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metal (Rh [7.15] and Ti [7.16]) complex, supported metal (Pd/C [7.17], Ru/C [7.18-7.20] 
and Ni/SiO2 [7.21]) and Pt nanowires [7.22] in the liquid phase (T = 298-408 K, P = 1-
65 bar) but we could not find any reported instance of gas phase operation. Selective 
conversion of benzaldehyde to benzylamine (66-86% yield) has been achieved over a 
Rh complex ([Rh(cod)Cl]2 [7.15]) and Ru/C [7.19] with N-benzylidenebenzylamine 
(Fig. 7.1 (step C)) and dibenzylamine (step D) as by-products. Reaction over Pd/C [7.17] 
and Pt nanowires [7.22] promoted condensation of benzylamine with benzaldehyde to 
N-benzylidenebenzylamine and subsequent hydrogenation to dibenzylamine. Moreover, 
hydrogenolysis of benzaldehyde (Fig. 7.1 step (E)) or benzylamine (step (F)) can 
generate toluene while benzylideneimine dehydrogenation (Fig. 7.1 step (G)) results in 
the formation of benzonitrile [7.5]. Use of benzyl alcohol as feedstock in a reaction with 
NH3 has been proposed for benzylamine production in homogeneous (Ru complex) 
systems at high pressure (PNH3 = 7.5 bar) with benzylamine yields ≤86% [7.23]. 
Heterogeneous catalysis studies have entirely focused on liquid phase reaction over 
Ru(OH)x/TiO2 [7.24] and Cu(OH)x/Al2O3 [7.25] where there has been no detectable 
benzylamine formation. 
A move from batch to continuous processes presents a number of advantages in 
terms of product/catalyst separation, reduced downtime, product quality control and 
process safety [7.26]. Although there has been no reported study of continuous 
benzylamine production from benzaldehyde or benzyl alcohol, we can flag the 
application of Cu catalysts (copper chromite [7.27] and Cu/ZrO2 [7.28]) in the gas phase 
reductive amination of cyclohexanone and cyclohexanol (with NH3) which has shown 
(at least two-fold) higher yield to the target cyclohexylamine when compared with that 
achieved over Al2O3 supported Pd, Pt, Ru and Rh. In this study, we assess the viability 
of benzylamine production from the reductive amination of benzaldehyde generated via 
benzyl alcohol dehydrogenation where the hydrogen released is used in hydrogenation. 
This tandem dehydrogenation/amination/reduction in continuous gas phase operation 
represents a significant advancement in terms of sustainable amine production. It has 
been previously (in Chapter 5) demonstrated that Cu/SiO2 is effective in benzyl alcohol 
dehydrogenation to benzaldehyde and was accordingly employed in this study to 
promote the first step of the tandem reaction. But supported Cu shows low 
hydrogenation rate in coupling nitrobenzene reduction with benzyl alcohol 
dehydrogenation. Nano-scale supported Au has displayed higher selective rates in the 
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reduction of unsaturated functionalities (e.g. –C=O and –C=N) relative to Cu [7.29] and 
negligible activity in the gas phase dehydrogenation (at T < 523 K) [7.30]. This can 
facilitate benzylideneimine reduction to the target benzylamine without promoting 
dehydrogenation to benzonitrile or benzaldehyde hydrogenolysis to toluene (Fig. 7.1). 
We evaluate the efficacy of Au/TiO2 incorporation to control product distribution and 
increase benzylamine production. 
7.2 Experimental 
7.2.1 Catalyst Preparation 
Silica supported Cu was prepared by deposition-precipitation with NaOH (Riedel-
de Haën, 99%) as precipitation agent. The (fumed) SiO2 support (20 g, Sigma-Aldrich) 
was dispersed in a solution of Cu(NO3)2 (Sigma-Aldrich, 99%, 0.03 M, 200 cm
3
). The 
suspension was stirred (600 rpm) at ambient temperature for 1 h with addition of 
aqueous NaOH (2 M) until pH >10 to ensure complete deposition of Cu(OH)2, heated to 
353 K and aged under vigorous stirring for 4 h [7.31]. The solid obtained was separated 
by filtration, washed with distilled water (until pH = 7) and dried in air at 393 K 
overnight. The dried sample was calcined in air (at 10 K min
-1
 to 723 K for 4 h) to 
generate a supported CuO phase [7.31]. Synthesis of Au/TiO2 by deposition-
precipitation employed urea (Riedel-de Haën, 99%) as basification agent. An aqueous 
solution of urea (100 fold excess) and HAuCl4 (Sigma-Aldrich, 99%, 5  10
-3
 M, 400 
cm
3
) was added to the support (15 g) and the suspension stirred and heated to 353 K (2 
K min
-1
). The pH progressively increased to ca. 7 after 3-4 h as a result of thermal 
decomposition of urea [7.32]. The solid obtained was separated by filtration, washed 
with distilled water at ambient temperature until Cl free (based on the AgNO3 test) and 
dried in 45 cm
3
 min
-1
 He at 373 K for 5 h. The catalyst precursors were sieved (ATM 
fine test sieves) to mean particle diameter = 75 μm. Before reaction, the catalysts 
precursors were activated in 60 cm
3
 min
-1
 H2 at 2-4 K min
-1
 to 523-543 K, held for 1-2 h 
and passivated at ambient temperature in 1% v/v O2/He for ex situ characterisation. 
7.2.2 Catalyst Characterisation 
Metal loading was determined by atomic absorption spectroscopy using a Shimadzu 
AA-6650 spectrometer with an air-acetylene flame from the diluted extract in aqua 
regia (25% v/v HNO3/HCl). Temperature programmed reduction (TPR) and H2 
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chemisorption were conducted on the CHEM-BET 3000 (Quantachrome Instrument) 
unit with data acquisition/manipulation using the TPR Win
TM
 software. The catalyst 
was loaded into a U-shaped Pyrex glass cell (3.76 mm i.d.) and heated in 17 cm
3
 min
-1
 
(Brooks mass flow controlled) 5% v/v H2/N2 at 2-4 K min
-1 
to 523-543 K. The activated 
samples were swept with 65 cm
3
 min
-1
 N2 for 1.5 h, cooled to reaction temperature (498 
K) and subjected to H2 chemisorption by pulse (10 μl) titration. The effluent gas passed 
through a liquid N2 trap and H2 consumption was monitored by a thermal conductivity 
detector (TCD). In blank tests there was no measurable H2 uptake on the supports alone. 
Nitrogen adsorption-desorption isotherms were obtained using the Micromeritics 
Gemini 2390p system. Prior to analysis, samples were outgassed at 423 K for 1 h in N2 
and the total specific surface area (SSA) obtained using the standard BET method. 
Metal particle morphology (size and shape) was examined by scanning transmission 
electron microscopy (STEM, JEOL 2200FS field emission gun-equipped unit), 
employing Gatan Digital Micrograph 1.82 for data acquisition/manipulation. Samples 
for analysis were prepared by dispersion in acetone and deposited on a holey carbon/Cu 
grid (300 Mesh). Surface area weighted mean metal size (d) was based on a count of up 
to 800 particles according to  
3
2
i i
i
i i
i
n d
d
n d


                                                                     (7.1) 
where ni is the number of particles of diameter di. X-ray photoelectron spectroscopic 
(XPS) analysis was conducted on an Axis Ultra instrument (Kratos Analytical) under 
ultra-high vacuum conditions (<10
-8
 Torr) with a monochromatic Al Kα radiation (1486 
eV). The Cu 2p3/2 and Au 4f7/2 spectra were collected and binding energies (BE) 
calibrated with respect to the C 1s peak (284.5 eV). 
7.2.3 Catalytic Procedure 
Reactions (reductive amination of benzaldehyde (Fluka, ≥98%), dehydrogenation or 
reductive amination of benzyl alcohol (Riedel-de Haën, ≥99%)) were carried out at 
atmospheric pressure in situ following catalyst activation in a continuous flow fixed bed 
vertical glass reactor (i.d. = 15 mm) at 423-498 K. A layer of borosilicate glass beads 
served as preheating zone, ensuring that the reactant was vaporised and reached reaction 
temperature before contacting the catalyst bed. Isothermal conditions (±1 K) were 
maintained by diluting the catalyst bed with ground glass (75 µm); the ground glass was 
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physically mixed thoroughly with catalyst before insertion into the reactor. Reaction 
temperature was continuously monitored by a thermocouple inserted in a thermowell 
within the catalyst bed. Solutions of benzaldehyde or benzyl alcohol in cyclohexane 
(Sigma-Aldrich, 99.5%) were delivered to the reactor via a glass/teflon air-tight syringe 
and teflon line using a microprocessor controlled infusion pump (Model 100 kd 
Scientific) at a fixed calibrated flow rate. Reductive amination of benzaldehyde was 
conducted in a co-current flow of carrier (N2 and/or H2) and NH3 (GHSV = 5 × 10
3
 h
-1
, 
molar Cu to reactant feed rate (nCu/F) = 3.6 × 10
-1
 h). Benzyl alcohol dehydrogenation 
was conducted in a co-current flow of N2 with benzyl alcohol (GHSV = 1.0 × 10
4
 h
-1
, 
molar metal to reactant feed rate nmetal/F = 3.8 × 10
-3
 – 5.0 × 10-2 h). The reaction of 
benzyl alcohol with NH3 was carried out in a co-current flow of N2 and/or H2 (GHSV = 
2 × 10
3
 h
-1
, nmetal/F = 2.4 × 10
-1
 – 2.8 × 10-1 h). In blank tests, passage of each reactant in 
a stream of H2 or N2 through the empty reactor or over the (SiO2 or TiO2) support alone did 
not result in any detectable conversion. The reactor effluent was condensed in a liquid 
nitrogen trap for subsequent analysis using a Perkin-Elmer Auto System XL gas 
chromatograph equipped with a programmed split/splitless injector and a flame ionisation 
detector, employing a DB-1 (50 m × 0.33 mm i.d., 0.20 μm film thickness) capillary 
column (J&W Scientific). Benzylamine (Acros Organics, 99%), benzonitrile (Acros 
Organics, 99%), dibenzylamine (Acros Organics, 98%), N-benzylidenebenzylamine 
(Sigma-Aldrich, 99%) and toluene (Fisher scientific, 99%) were used without further 
purification. All gases (H2, N2, O2 and He) were of high purity (BOC, >99.98%). Reactant 
(i) conversion (X) is defined by 
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and selectivity (S)  to product (j) is given by 
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Yield (Y) to product (j) was obtained from 
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(7.4) 
where subscripts “in” and “out” refer to the inlet and outlet gas streams, respectively. 
Repeated reactions with different samples from the same batch of catalyst delivered raw 
data reproducibility and carbon mass balance that were within ±5 %. 
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7.3 Results and Discussion 
7.3.1 Cu/SiO2: Characterisation and Catalytic Response in the Reductive 
Amination of Benzaldehyde 
The physicochemical properties of Cu/SiO2 are given in Table 7.1, where the SSA 
is similar to that (192-199 m
2
 g
-1
) reported for (fumed) SiO2 supported Ni [7.33] and Pd 
[7.34]. The TPR profile of Cu/SiO2 (not shown) is characterised by a single positive 
peak at the final isothermal hold (T = 543 K) with associated H2 consumption (Table 7.1) 
Table 7.1: Metal loading, specific surface area (SSA), 
temperature maxima (Tmax) and H2 consumption during 
temperature programmed reduction (TPR), metal size range and 
mean (d), principal XPS binding energy (BE) and H2 
chemisorption at 498 K.  
 Cu/SiO2 Au/TiO2 
Metal loading (% w/w) 1.8 1.9 
SSA (m
2 
g
-1
) 192 52 
TPR Tmax (K) 543 373 
TPR H2 consumption (μmol g
-1
) 281
a
/281
b
 170
a
/143
b
 
Metal particle size range (nm) 1-6 1-6 
d (nm) 3.1 3.2 
XPS Cu 2p3/2 or Au 4f7/2 BE (eV) 933.2 83.2 
H2 uptake (μmol gmetal
-1
) 37 185 
a
value obtained from TPR analysis;
 b
theoretical value for Cu2+ → Cu0 and Au3+ → Au0. 
 
matching that required for Cu
2+
 reduction to Cu
0
. Copper particle morphology was 
analysed by STEM and a representative image is provided in Fig. 7.2(AI) where Cu 
particles exhibit a quasi-spherical shape consistent with the observations of Zhu et al. 
for Cu/SiO2 prepared by deposition-precipitation [7.35]. The associated particle size 
distribution (Fig. 7.2(AII)) is at the nano-scale (1-6 nm) with a surface weighted mean 
size of 3.1 nm. Hydrogen chemisorption (at 498 K) was significantly lower than that 
reported for Ni/SiO2 (600 μmol gNi
-1
) [7.33] and Pd/SiO2 (120 μmol gPd
-1
) [7.34]. This 
can be attributed to the high activation energy barrier for dissociative adsorption and 
low binding strength of dissociated hydrogen atoms on Cu due to the filled d band 
[7.36,7.37]. XPS analysis was conducted to evaluate the electronic properties of the 
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supported metal phase. The Cu 2p3/2 XPS signal (spectrum not shown) presents a 
principal peak at BE = 933.2 eV (Table 7.1) characteristic of electron deficient (Cu
δ+
) 
surface species (Cu
δ+ 
= 933.0-933.6 eV) [7.38]. The characterisation results establish 
formation of electron deficient nano-scale (1-6 nm) Cu particles. 
 
 
 
Fig. 7.2: (I) Representative STEM image and (II) associated particle size 
distribution histogram for (A) Cu/SiO2 and (B) Au/TiO2. 
 
 
 
Fig. 7.3: Effect of variations in (I) H2 partial pressure (PH2, NH3/Benzaldehyde = 
40) and (II) inlet NH3/Benzaldehyde (PH2 = 0.8 atm) on aldehyde conversion 
(XBenzaldehyde, ■) and product yield (Yj, open bars: benzonitrile, gray bars: toluene, 
solid bars: N-benzylidenebenzylamine, hatched bars: dibenzylamine) in the 
reductive amination of benzaldehyde over Cu/SiO2. Reaction conditions: T = 498 K, 
P = 1 atm. 
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In the reductive amination of aldehydes and ketones, the H2 and NH3 content in the 
feed are critical parameters in determining surface concentration of reactive species, 
product distribution and ultimate amine production rate [7.18,7.39]. The effect of 
varying H2 partial pressure (I) and inlet NH3/Benzaldehyde molar ratio (II) on catalytic 
performance can be assessed from the entries in Fig. 7.3. Full conversion of 
benzaldehyde to benzonitrile (Fig. 7.1, paths (A)+(G)) was observed for reaction in N2 
and at the reaction stoichiometry for benzylamine formation (PH2 = 0.002 atm), 
indicating exclusive amination of –C=O to –C=N (step (A)) and dehydrogenation of –
C=N to –C≡N (step (G)). An increase in H2 partial pressure (from 0.002 to 0.8 atm) 
resulted in a progressive shift from benzonitrile to a predominant dibenzylamine 
formation (to 85% yield). This result indicates a move from dehydrogenation (step (G)) 
to a combined hydrogenation + condensation path (B→C→D)). Suppressed 
hydrogenation activity in diluted H2 can be linked to the low capacity of Cu to 
chemisorb/activate H2 (as shown in Table 7.1). The primary amine (benzylamine) as a 
strong nucleophile undergoes facile condensation with benzaldehyde (step (C)) [7.23]. 
This accounts for the predominant formation of N-benzylidenebenzylamine and 
dibenzylamine (at elevated H2 partial pressure) observed in this study. An increase in 
NH3/Benzaldehyde (from 5 to 100) served to increase benzaldehyde conversion (to 
100% at ≥40) with a shift of principal product from toluene (70% yield at 5) to 
dibenzylamine (99% yield at 100). This can be linked to competition between NH3 and 
H2 for surface sites where increased NH3 content in the feed which favours 
benzaldehyde amination with condensation (Fig. 7.1, path (A→D)) over benzaldehyde 
hydrogenolysis (Fig. 7.1, step (E)). Likewise, Kirumakki et al. [7.39] observed that 
increased NH3 concentration promoted cyclohexanone amination and condensation to 
N-cyclohexylcyclohexanimine over zeolites Hβ and HY (T = 523 K). It must be stressed 
that reaction of benzaldehyde (with NH3) over Cu/SiO2 did not generate any detectable 
benzylamine in the product stream. Formation of the target amine requires 
circumventing the condensation reaction (step (C) in Fig. 7.1). 
7.3.2 Cu/SiO2: Catalytic Response in the Benzyl Alcohol Reaction 
The use of benzyl alcohol as a feedstock can (i) minimise undesired formation of 
secondary products (N-benzylidenebenzylamine and dibenzylamine) due to the lower 
reactivity of the alcohol than benzaldehyde in condensation reactions [7.40] and (ii) 
serve as hydrogen donor via hydrogen release from dehydrogenation (to benzaldehyde) 
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which can initiate the reductive amination shown in Fig. 7.1. The benzyl alcohol and 
NH3 content in the feed can influence surface concentration of reactive species, H2 
generation and product distribution. The catalytic response in the conversion of benzyl 
alcohol (in N2) over Cu/SiO2 as a function of inlet NH3/Benzyl alcohol is presented in 
Fig. 7.4. Full conversion was achieved at NH3/Benzyl alcohol ≤10. In the amination of 
alcohols with NH3, alcohol dehydrogenation has been proposed as rate-determining 
[7.41]. Decreased conversions  at higher  NH3/Benzyl alcohol suggests competition  with  
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Fig. 7.4: Effect of variations in inlet NH3/Benzyl alcohol on alcohol conversion 
(XBenzyl alcohol, ■) and product yield (Yj, open bars: benzonitrile, solid bars: N-
benzylidenebenzylamine, hatched bars: dibenzylamine, cross hatched bars: 
benzaldehyde) for the reaction of benzyl alcohol (in N2) with NH3 over Cu/SiO2. 
Reaction conditions: T = 498 K, P = 1 atm. 
NH3 for surface active sites. Reaction at NH3/Benzyl alcohol = 40 generated 
benzonitrile as sole product consistent with consecutive dehydrogenation/amination/ 
dehydrogenation steps (benzyl alcohol → benzaldehyde → benzylideneimine → 
benzonitrile). Hu et al. [7.42] and Zhang et al. [7.43], studying the gas phase amination 
of ethanol with NH3 in 5% H2/N2 over Cu/γ-Al2O3 (T = 523-563 K) or in N2 over Co-
Ni/Al2O3 (T = 693 K) reported acetonitrile as principal (>80% selectivity) product. 
Formation of N-benzylidenebenzylamine and dibenzylamine at lower NH3/Benzyl 
alcohol (≤10) establishes the viability of transfer hydrogenation of the intermediate 
imines to amines using hydrogen released from benzyl alcohol dehydrogenation. 
Unconverted benzaldehyde was detected at the lowest NH3/Benzyl alcohol (= 5) where 
the NH3 supply is insufficient and must limit the extent of benzaldehyde amination (Fig. 
7.1, step (A)). This is consistent with incomplete aldehyde conversion at 
NH3/Benzaldehyde = 5 shown in Fig. 7.3(II). Fischer et al. [7.44] have suggested that 
excess NH3 (>20) favoured 1,3-propanediol amination over unsupported Co catalysts. 
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In contrast to benzaldehyde reaction, toluene from hydrogenolysis was restricted due to 
inadequate H2 supply. It is important to note that, regardless of inlet NH3/Benzyl alcohol, 
dehydrogenation to benzonitrile was the prevailing reaction (SBenzonitrile ≥ 61%). This 
points to inefficient hydrogenation (Fig. 7.1, step (B)) where hydrogen generated from 
dehydrogenation is not effectively utilised by Cu/SiO2 for amine production. This 
limitation can be addressed by incorporating a second catalyst to promote 
hydrogenation to benzylamine. A critical prerequisite is that the second metal must not 
promote side-reactions (e.g. hydrogenolysis and denitrogenation). Conventional 
supported transition metal (Pd, Pt and Ni) hydrogenation catalysts exhibit high activity 
for the hydrogenation of unsaturated functions (–C=O, –C≡N and –C=N) but low 
selectivity due to hydrogenolysis, decarbonylation and denitrogenation [7.45]. In 
contrast, nano-scale supported Au has displayed unique hydrogenation chemoselectivity 
[7.29,7.46]. We have established synergism in physical mixtures of Au/TiO2 and 
Cu/SiO2 in Chapter 5 where supported Au enhances selective nitro- hydrogenation rate 
via utilisation of hydrogen from coupled benzyl alcohol dehydrogenation over Cu. 
Application of combined Au/TiO2 and Cu/SiO2 mixtures in the tandem process can 
promote selective hydrogenation of benzylideneimine to benzylamine. Au/TiO2 was 
accordingly chosen in this study as a suitable candidate.   
7.3.3 Au/TiO2 Characterisation and Catalytic Response of Cu/SiO2 + Au/TiO2 in 
the Benzyl Alcohol Reaction 
The SSA of Au/TiO2 (Table 7.1) matches that (50 m
2 
g
-1
) reported elsewhere [7.47] 
for Au/TiO2 prepared by deposition-precipitation. Hydrogen consumption (Tmax = 373 
K) during TPR exceeded the requirement for Au
3+ → Au0 reduction, suggesting a partial 
support (Ti
4+ → Ti3+) reduction [7.48]. Gold particle size <10 nm has been identified as 
an essential requirement for significant hydrogen adsorption/activation and 
hydrogenation activity [7.37]. STEM analysis (Fig. 7.2(BI)) has established Au size at 
the nano-scale (1-6 nm) and a mean (3.2 nm) close to that for Cu on SiO2. Hydrogen 
chemisorption at reaction conditions (498 K) on Au/TiO2 was appreciably greater than 
that recorded for Cu/SiO2 (Table 7.1), consistent with that reported by Borgschulte et 
al. [7.49] who reported higher hydrogen uptake rate over Au film than Cu film (460-540 
K). XPS analysis was employed to evaluate the electronic properties of supported Au 
phase. The XPS profile (not shown) over the Au 4f7/2 region is characterised by a lower 
BE (Table 7.1) than that which is characteristic of Au
0
 (BE = 84.0 eV) [7.50], 
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suggesting electron donation from the support with the generation of Au
δ-
 surface 
species [7.51].  
 
 
Fig. 7.5: Temporal variation in alcohol conversion (XBenzyl alcohol, ×) and product 
yield (Yj, ▲: benzylamine, : benzonitrile, ▼: toluene) in the reaction of benzyl 
alcohol (in N2) with NH3 over Cu/SiO2 + Au/TiO2 as a function of Cu/Au molar 
ratio ((I): 10, (II): 5). Reaction conditions: T = 498 K, P = 1 atm, NH3/Benzyl 
alcohol = 40. 
The performance of Au/TiO2 has been assessed against Cu/SiO2 in the stand-alone 
dehydrogenation of benzyl alcohol (at 498 K), where lower (by an order of magnitude) 
dehydrogenation rate was obtained over Au. This is consistent with literature that has 
shown negligible catalytic activity for gas phase alcohol dehydrogenation over 
supported Au at temperatures <523 K [7.30]. In the reaction of benzyl alcohol with NH3 
(in N2) over Cu/SiO2 + Au/TiO2, hydrogen generation (via dehydrogenation) depends on 
Cu content. This hydrogen contributes to benzylideneimine hydrogenation (Fig. 7.1, 
step (B)). The effect of variations in Cu/Au molar ratio on conversion and product yield 
was evaluated for two representative values (5 and 10) and the results are presented in 
Fig. 7.5. Full conversion of the alcohol (XBenzyl alcohol) was achieved and maintained for 7 
h on-stream. As in reaction over Cu/SiO2 alone, benzonitrile was the principal product 
but benzylamine was generated as a significant secondary product over the mixture with 
trace quantities of toluene (yield = 3%). There was no detectable formation of N-
benzylidenebenzylamine or dibenzylamine. Product distribution was equivalent for both 
Cu/Au ratios. The generation of benzylamine demonstrates that the inclusion of 
Au/TiO2 facilitated benzylideneimine hydrogenation without further condensation to N-
benzylidenebenzylamine and/or dibenzylamine (Fig. 7.1, steps (C) and (D)). This can 
be attributed to the greater H2 chemisorption capacity of Au/TiO2 relative to Cu/SiO2 
(Table 7.1) that more effectively captures and utilises the hydrogen generated in the 
alcohol dehydrogenation. Moreover, Au/TiO2 and Cu/SiO2 combination serves to 
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promote dehydrogenation (to benzaldehyde) and hydrogenation (to benzylamine) on 
isolated metal sites and inhibit condensation. We envision a synergism between 
Au/TiO2 and Cu/SiO2 that is illustrated in Fig. 7.6. The supported copper phase promotes 
Cu
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Cu Cu
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H
Au
H
Au
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Fig. 7.6: Reaction scheme illustrating the proposed Cu-Au cooperation effect in 
benzylamine production. 
dehydrogenation of benzyl alcohol to benzaldehyde  to generate Cu-H species (step (I)) 
[7.52]. The extracted atomic hydrogen can spillover across the Cu-support interface 
[7.53] and the physical boundary with Au/TiO2 [7.53] onto Au sites (step (II)). The 
benzaldehyde that generated on Cu from benzyl alcohol dehydrogenation reacts with 
NH3 to form the intermediate benzylideneimine (step (III)) that can undergo 
dehydrogenation to benzonitrile (step (IV)). The latter undesired step is favoured under 
hydrogen lean conditions (see Fig. 7.3(I)) which limit hydrogenation to benzylamine. 
Benzylideneimine desorbs from electron-deficient Cu
δ+
 (from XPS analysis) as a result 
of repulsion with the polarised –Cδ+=N function. The imine adsorbs on electron-rich 
Au
δ-
 via interaction with –C=N (step (V)) and is hydrogenated to benzylamine (step 
(VI)). In contrast to reaction over Cu/SiO2, the incorporation of Au serves as an 
additional and more efficient site for benzylideneimine hydrogenation to benzylamine 
while Cu is responsible for the alcohol dehydrogenation to benzaldehyde. The 
generation of amine and aldehyde on two isolated metal sites (Au and Cu, respectively) 
inhibits condensation with a consequent enhancement of benzylamine selectivity. 
Toluene formation is possible through the hydrogenolysis of benzylamine [7.5], but 
depends on hydrogen availability and is not a significant feature of reaction over 
Cu/SiO2 + Au/TiO2. 
In order to address the limitations in terms of available surface reactive hydrogen 
(generated from benzyl alcohol dehydrogenation), we examined the possibility of 
enhancing benzylamine production by supplying hydrogen (PH2 = 0.04 atm) in the feed; 
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time on-stream results are presented in Fig. 7.7. Full benzyl alcohol conversion was 
maintained for 7 h on-stream where the supply of external H2 resulted in a two-fold 
increase in benzylamine yield  (46%),  decreased benzonitrile  production with  increased 
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Fig. 7.7: Temporal variation of alcohol conversion (XBenzyl alcohol, ×) and product 
yield (Yj, ▲: benzylamine, : benzonitrile, ▼: toluene, : dibenzylamine) in the 
reaction of benzyl alcohol with NH3 over Cu/SiO2 + Au/TiO2 with additional 
external H2 supply in the feed. Reaction conditions: PH2 = 0.04 atm, T = 498 K, 
NH3/Benzyl alcohol = 40. 
toluene (8%) and the appearance of dibenzylamine (6%) in the product stream. As 
presented in Table 7.2, a further increase in PH2 (to 0.08 atm) elevated benzylamine 
yield (to 58%) with a consequent increase in condensation-hydrogenation to 
dibenzylamine (17%) and hydrogenolysis to toluene (13%). Provision of H2 in the feed 
served to increase the available surface hydrogen and hydrogenation of N-
benzylideneimine over Au (Fig. 7.6, step (VI)) and/or Cu (step (VIII)). Reaction 
temperature is a critical variable that impacts on reactant/intermediate activation, which 
in turn influences activity and product distribution in reductive amination [7.27]. We 
addressed temperature effects in this tandem reaction system (at PH2 = 0.04 atm) and 
the results are presented in Fig. 7.8. A decrease in temperature from 498 to 448 K served 
 
Table 7.2:  Effect of H2 partial pressure (PH2) on product yield (Yj, %) in the 
reaction of benzyl alcohol with NH3 over Cu/SiO2 + Au/TiO2; Reaction 
conditions: T = 498 K, Cu/Au = 10, NH3/Benzyl alcohol = 40. 
 
PH2 (atm) YBenzylamine (%) YBenzonitrile (%) YToluene (%) YDibenzylamine (%) 
0.04 46 40 8 6 
0.08 58 12 13 17 
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Fig. 7.8: Effect of temperature on alcohol conversion (XBenzyl alcohol, ■) and product 
yield (Yj, horizontal lined bars: benzylamine, open bars: benzonitrile, gray bars: 
toluene, hatched bars: dibenzylamine) in the reaction of benzyl alcohol with NH3 
over Cu/SiO2 + Au/TiO2 with additional external H2 supply in the feed. Reaction 
conditions: PH2 = 0.04 atm, NH3/Benzyl alcohol = 40. 
 
 
to increase benzylamine yield to 81%. Toluene yield (ca. 10%) remained largely 
unchanged and there was no benzonitrile formed. This result is in line with the report of 
Zamlynny et al. [7.41] who attributed higher aniline selectivity in the reductive 
amination of cyclohexanol with increasing temperature (473 → 573 K) to a shift in 
reaction equilibrium in favour of cyclohexylamine dehydrogenation. A further decrease 
in temperature (to 423 K) was accompanied by a severe decline in conversion with 
dibenzylamine as principal product. We can tentatively attribute this response to 
inefficient activation/dehydrogenation of benzyl alcohol and reductive amination of 
benzaldehyde (Fig. 7.1, path (A→B)) with a consequent lower activity and 
condensation-hydrogenation of unconverted benzaldehyde with benzylamine to N-
benzylidenebenzylamine and then to dibenzylamine. To the best of our knowledge, this 
is the first report of selective benzylamine synthesis from benzyl alcohol via a tandem 
dehydrogenation/amination/reduction reaction in continuous gas phase operation. The 
highest yield (81%) achieved exceeds that reported for gas phase hydrogenation of 
benzonitrile (<70% yield) [7.1,7.14]. Batch liquid phase amination of benzyl alcohol did 
not result in detectable benzylamine formation [7.24,7.25]. Moreover, efficient 
utilisation of a H2 lean feed represents a significant advancement in terms of process 
efficiency and sustainability when compared with conventional hydrogenation using 
excess pressurised H2.  
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7.4 Conclusion 
This study has established the viability of a tandem dehydrogenation/amination/ 
reduction route for high throughout production of benzylamine from benzyl alcohol 
over Cu/SiO2 (1-6 nm, mean = 3.1 nm) and Au/TiO2 (1-6 nm, mean = 3.2 nm) in 
continuous gas phase operation. Reductive amination of benzaldehyde (as feed) over 
Cu/SiO2 generated dibenzylamine as predominant product (yield up to 99%) with no 
detectable benzylamine due to the facile condensation with benzaldehyde. We have 
demonstrated transfer hydrogenation for reaction of benzyl alcohol with NH3 (in N2) 
over Cu/SiO2 using hydrogen from benzyl alcohol dehydrogenation. Benzonitrile was 
the principal product due to limited hydrogenation capacity of Cu/SiO2. This was 
addressed by incorporating Au/TiO2 (as a physical mixture) that shows five times 
higher hydrogen chemisorption capacity relative to Cu/SiO2 under reaction conditions. 
Combination of Au/TiO2 with Cu/SiO2 served to suppress condensation of benzylamine 
with benzaldehyde leading to enhanced benzylamine production. We have established a 
reaction synergism between Cu/SiO2 and Au/TiO2 where the supported Cu phase is 
responsible for coupled benzyl alcohol dehydrogenation/amination and Au facilitates 
hydrogenation to benzylamine. The formation of the intermediate benzaldehyde and 
product benzylamine on two isolated metal sites inhibited condensation to N-
benzylidenebenzylamine and dibenzylamine. An unprecedented benzylamine yield (up 
to 81%) in continuous mode was achieved through an optimisation of H2 partial 
pressure and reaction temperature. 
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Chapter 8                                                                                          
Selective Hydrogenation of Furfural to Furfuryl Alcohol over 
Au/Al2O3 
Previous chapters employ petroleum based raw material for the production of high 
value chemicals. This chapter considers gas phase hydrogenation of biomass derived 
furfural for selective continuous production of furfuryl alcohol over Au/Al2O3. 
8.1 Introduction 
Furfural is a biomass derived heterocyclic aldehyde that is attracting increasing 
attention as a renewable, non-petroleum based raw material for the production of a 
diversity of high value products [8.1]. A primary route for conversion of furfural is 
selective hydrogenation to furfuryl alcohol, used in the manufacture of resins, rubbers 
and fibres [8.2]. Selectivity is crucial where decarbonylation (path (I)), furan ring 
reduction (paths (II), (IV) and (VI)) and hydrogenolysis (path (V)) generate a range of 
by-products as shown in Fig. 8.1. Furfural hydrogenation has been examined in both 
liquid and gas phase operation, where different metal catalysts (Pd [8.3], Pt [8.4], Ni 
[8.5] and Cu [8.6]) have exhibited diverse product distributions. Noble metals (Pd and 
Pt) generally catalyse decarbonylation to furan and promote hydrogenation to 
tetrahydrofurfuryl alcohol and hydrogenolysis to 2-methylfuran [8.3,8.4]. Incorporation   
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Fig. 8.1: Reaction pathways for furfural hydrogenation. 
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of additives such as Sn and Ge serve to alter metal site electronic character (via electron 
donation) that favours adsorption/activation of the carbonyl group and enhances 
selectivity to the target alcohol [8.7]. Raney Ni exhibits low selectivity (75%) to 
furfuryl alcohol but modification with heteropolyacid salts (Cu1.5PMo12) increased 
alcohol selectivity (98%) although no rationale was provided to account for this effect 
[8.8]. Incorporation of Ce, Fe and Co to Ni-B polarises/activates the carbonyl function 
resulting in preferential formation of furfuryl alcohol [8.9-8.11]. 
Taking an overview of the literature, Cu catalysts are the most selective to furfuryl 
alcohol in both liquid and gas phase operation [8.12-8.17]. Batch liquid phase reaction 
has been predominantly conducted at elevated H2 pressure (10-20 bar) [8.6,8.12]. A 
move from batch to continuous processes presents advantages in terms of 
product/catalyst separation, reduced downtime, product quality control and process 
safety [8.18]. In continuous operation, Liu et al. [8.14] reported 90% selectivity to 
furfuryl alcohol over a commercial copper chromite but with the generation of toxic 
Cr2O3 waste. Application of Cu/MgO [8.15,8.16] and Cu/C [8.17] can overcome this 
limitation and these systems are used as the benchmark in this study. Supported Au 
nano-particles have shown unique selectivity for –C=O reduction in the presence of 
other functionalities (e.g. C=C) [8.19]. However, we could not find any reported 
application of supported Au catalysts in furfural hydrogenation beyond the observation 
by Hong et al. [8.20] of negligible activity (1% conversion) for Au/SiO2 in liquid phase 
reaction at high pressure (10 bar). We should note the work of Ohyama et al. [8.21] who 
reported alcohol formation (ca. 65% selectivity) from 2-hydroxylmethyl-5-furfural over 
Au/Al2O3 in batch liquid operation at elevated pressure (38 bar). In previous work [8.22] 
we have demonstrated full selectivity in the gas phase reduction of benzaldehyde to 
benzyl alcohol over Au/Al2O3. In this study, we have adopted Au/Al2O3 as a model 
catalyst, assess for the first time the gas phase continuous hydrogenation of furfural and 
provide a comparison with the benchmark supported Cu. 
8.2 Experimental 
8.2.1 Materials and Catalyst Preparation 
Au/Al2O3 (1.1% w/w) was prepared by deposition-precipitation using urea (Riedel-
de Haën, 99%) as basification agent. An aqueous solution of urea (100-fold urea excess) 
and HAuCl4 (Sigma-Aldrich, 99%, 4.4  10
-6
 mol cm
-3
, 400 cm
3
) was added to the γ-
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Al2O3 support (Puralox, Condea Vista, 30 g). The suspension was stirred and heated to 
353 K (2 K min
-1
) and the pH progressively increased to reach ca. 7 after 3 h as a result 
of urea decomposition [8.23]. The solid obtained was separated by filtration, washed 
with distilled water until chlorine free (based on the AgNO3 test) and dried in He (45 
cm
3
 min
-1
) at 373 K (2 K min
-1
) for 5 h. The catalyst precursor was sieved (ATM fine 
test sieves) to a mean particle diameter = 75 μm. Catalyst activation by temperature 
programmed (2 K min
-1
 to 603 K) reduction (TPR in 60 cm
3
 min
-1
 H2) ensured metal 
precursor reduction (Au
3+
 → Au0) [8.22]. The activated sample was passivated in 1% 
v/v O2/He for 1 h at ambient temperature for ex situ characterisation. 
8.2.2 Catalyst Characterisation 
The Au content was measured by atomic absorption spectroscopy (Shimadzu AA-
6650 spectrometer) from the diluted extract in aqua regia (25% v/v HNO3/HCl). X-ray 
diffractograms (XRD) were recorded on a Bruker/Siemens D500 incident X-ray 
diffractometer using Cu Kα radiation with a scan rate of 0.02º step-1 over the range 20º 
≤ 2θ ≤ 80º. The diffractogram was identified against JCPDS-ICDD reference standards, 
i.e. Au (04-0784) and γ-Al2O3 (10-0425). Nitrogen physisorption was performed using 
the Micromeritics Gemini 2390p system, where the sample was outgassed at 423 K for 
1 h in N2 prior to analysis. Total specific surface area (SSA) was calculated using the 
standard BET method with cumulative pore volume and pore radius from BJH analysis 
of the desorption isotherm. Hydrogen chemisorption (pulse 10 μl titration at 298 K and 
413 K) following TPR (in 17 cm
3
 min
-1
 (Brooks mass flow controlled) 5% v/v H2/N2 to 
603 K at 2 K min
-1
) was conducted on the CHEM-BET 3000 (Quantachrome 
Instrument) unit with data acquisition/manipulation using the TPR Win
TM
 software as 
outlined previously [8.22]. In a blank test, there was no measurable H2 uptake on the 
Al2O3 support. X-ray photoelectron spectroscopic (XPS) analysis was performed on a 
VG ESCA spectrometer equipped with monochromatised Al Kα radiation (1486 eV). 
The sample was adhered to conducting carbon tape, mounted in the sample holder and 
subjected to ultra-high vacuum conditions (<10
-8
 Torr). Full range surveys (Au 4f5/2 and 
4f7/2 spectra) were collected where binding energies (BE) were calibrated with respect to 
the C1s peak (284.5 eV). The Au 4f spectra were fitted with abstraction of the Shirley 
background using the Gaussian-Lorentzian function in XPSPEAK 41. Gold particle 
morphology (shape and size) was examined by scanning transmission electron 
microscopy (STEM, JEOL 2200FS field emission gun-equipped unit), employing Gatan 
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Digital Micrograph 1.82 for data acquisition/manipulation. Samples for analysis were 
prepared by dispersion in acetone and deposited on a holey carbon/Cu grid (300 Mesh). 
The surface area weighted mean Au size (d) was based on a count of 300 particles 
according to 
      
3
2
i i
i
i i
i
n d
d
n d


                                                           (8.1) 
where ni is the number of particles of diameter di.  
8.2.3 Catalytic Procedure 
The hydrogenation of furfural (Sigma-Aldrich, 99%) was carried out at atmospheric 
pressure over the 383-523 K temperature range, in situ after activation in a continuous 
flow fixed bed tubular reactor (15 mm i.d.). A layer of borosilicate glass beads served as 
preheating zone, ensuring that the furfural reactant was vaporised and reached reaction 
temperature before contacting the catalyst bed. Isothermal conditions (±1 K) were 
maintained by diluting the catalyst bed with ground glass (75 µm). Reaction 
temperature was continuously monitored by a thermocouple inserted in a thermowell 
within the catalyst bed. Furfural was delivered as a n-butanolic (Sigma-Aldrich, >99%) 
solution to the reactor via a glass/teflon air-tight syringe and teflon line using a 
microprocessor controlled infusion pump (Model 100 kd Scientific) at a fixed calibrated 
flow rate with a co-current flow of H2 in excess (250-1500) of the stoichiometry 
requirement for furfuryl alcohol formation; GHSV = 5 × 10
3 – 3 × 10
4 
h
-1
. The catalyst 
mass to inlet furfural molar feed rate (W/F) spanned the range 100
 
- 300 g mol
-1
 h. In blank 
tests, passage of furfural in a stream of H2 through the empty reactor or over the (Al2O3) 
support alone did not result in any detectable conversion. The reactor effluent was 
condensed in a liquid nitrogen trap for subsequent analysis using a Perkin-Elmer Auto 
System XL gas chromatograph equipped with a programmed split/splitless injector and a 
flame ionization detector, employing a DB-1 (50 m × 0.33 mm i.d., 0.20 μm film 
thickness) capillary column (J&W Scientific). Data acquisition and manipulation were 
performed using the TurboChrom Workstation Version 6.3.2 (for Windows) 
chromatography data system. Reactant/products (in Fig. 8.1) were used as supplied 
(Sigma-Aldrich, 99%) for identification/analysis. All gases (O2, H2, N2 and He) were of 
high purity (BOC, >99.98%). Furfural fractional conversion (X) is defined by 
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and selectivity (S) to product (j) is given by 
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where the subscripts “in” and “out”  refer to the inlet and outlet gas streams. Catalytic 
activity is quantified in terms of furfural consumption rate (R) obtained from 
1
0(μmol h )R X F
  
                            
(8.4) 
where initial fractional conversion (X0) was extracted from time on-stream measurements 
as described elsewhere [8.22]. Turnover frequency (TOF, rate per active site) was 
calculated using 
1
Au
(h )
R
n D
TOF  

                                                              (8.5)
                                                                               
 
where nAu is the number moles of Au in the catalyst bed and D is the Au dispersion 
determined by STEM [8.22]. Repeated reactions with different samples from the same 
batch of catalyst delivered raw data reproducibility and a carbon mass balance that were 
within ±5%. 
 
Table 8.1: Gold loading, specific surface area (SSA), pore volume, mean pore radius, temperature 
maxima (Tmax) and H2 consumption during temperature programmed reduction (TPR), mean 
Au size from STEM analysis (d) and H2 chemisorption (at 413 K) for Au/Al2O3. 
 
Loading 
(% w/w) 
SSA 
(m
2 
g
-1
) 
Pore volume 
(cm
3 
g
-1
) 
Pore radius 
(Å) 
Tmax 
(K) 
H2 consumption 
(molH2 molAu
-1
) 
d 
(nm) 
H2 chemisorption
 
(µmol gAu
-1
) 
1.1 166 0.36 29 451 1.5 4.3 318 
        
8.3 Results and Discussion 
8.3.1 Catalyst Characterisation 
Analysis of catalyst structure by XRD (diffractogram not shown) revealed 
diffraction peaks at 2θ = 37.6°, 39.5°, 45.9° and 67.0° due to γ-Al2O3 (JCPDS-ICDD 
10-0425). There was no detectable signal for metallic Au (2θ = 38.1°, 44.3°, 64.6° and 
77.5°; JCPDS-ICDD 04-0784), suggesting the formation of a well dispersed phase, i.e. 
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Au particle size below XRD (<5 nm) detection limits [8.24]. Nitrogen adsorption/ 
desorption isotherms (Fig. 8.2(I)) show a hysteresis loop at P/P0 > 0.6 characteristic of 
mesoporous materials (type IV, IUPAC classification) [8.25]. This is consistent with the 
mesoporosity of γ-Al2O3 (from Puralox) with mean pore radius in the 30-41 Å range 
[8.26,8.27]. A decrease in total surface area, pore volume and radius was observed for 
Au/Al2O3 (Table 8.1) relative to the starting support (SSA = 191 m
2
 g
-1
, pore volume = 
0.45 cm
3
 g
-1
 and pore radius
 
=
 
31 Å), which can be linked to the partial pore filling during 
 
 
Fig. 8.2: (I) N2 adsorption-desorption isotherm, (II) XPS spectra, (III) representative 
STEM image and (IV) associated Au size distribution histogram for Au/Al2O3. 
 
 
catalyst preparation [8.28]. Temperature programmed reduction of Au/Al2O3 (profile 
not shown) generated a positive H2 consumption signal with a temperature maximum 
(Tmax) at 451 K, in agreement with the results reported by Liu and Yang [8.29] for 
Au/Al2O3 prepared by deposition-precipitation. Hydrogen consumption during TPR 
(Table 8.1) matched that (1.5 molH2 molAu
-1
) required for the reduction of the Au
3+
 
precursor to metallic Au. The XPS spectrum over the Au 4f binding energy (BE) region 
(Fig. 8.2(II)) exhibited two peaks with binding energy (BE = 87.0 eV and 83.4 eV) 
corresponding to 4f5/2 and 4f7/2 levels, respectively. The 4f7/2 BE is lower than that 
characteristic of metallic Au (84.0 eV) [8.30], suggesting electron donation from the 
support to generate Au
δ-
. Arrii et al. [8.30] have also reported a downward shift in the 
BE of Au/γ-Al2O3 (Au 4f7/2 = 83.1 eV). STEM analysis (Fig. 8.2(III)) confirmed the 
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presence of nano-sized gold particles (1-8 nm, Fig. 8.2(IV)) and a surface area weighted 
mean (4.3 nm) that falls within the interval (3-5 nm) reported by Costello et al. [8.31] 
for Au/Al2O3 (1.1% w/w) prepared by deposition-precipitation. Supported Au is known 
to exhibit lower efficiency for H2 chemisorption compared to standard hydrogenation 
metals (Ni, Pd and Pt) due to the filled 3d band where measurable H2 uptake is 
associated with small (<10 nm) Au particles that bear a greater number of edge and 
corner sites [8.32]. Hydrogen chemisorption on Au/Al2O3 is an activated process [8.32] 
and uptake under reaction conditions (413 K, Table 8.1) was appreciably higher than 
that (36 μmol gAu
-1
) recorded at ambient temperature (298 K). Bus et al. [8.33] 
demonstrated higher H2 adsorption capacity for Au/Al2O3 with an increase in 
temperature (298-373 K). The characterisation results demonstrate formation of nano-
scale Au
δ-
 particles (mean = 4.3 nm) with a narrow size distribution and significant (318 
μmol gAu
-1
) H2 uptake under reaction conditions. 
8.3.2 Catalytic Activity and Selectivity 
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Fig. 8.3: (I) Variation of furfural fractional conversion () and furfuryl alcohol 
selectivity (○) with time on-stream (T = 413 K, P = 1 atm, τ = 0.36 s, W/F = 100 g 
mol
-1
 h). (II) Tests to establish kinetic control for furfural hydrogenation over 
Au/Al2O3: Dependence of consumption rate (R) on (A) contact time τ (T = 413 K, P 
= 1 atm, W/F = 100 g mol
-1 
h) and (B) W/F (T = 413 K, P = 1 atm, τ = 0.36 s); (C) 
Arrhenius plot (T = 383-433 K, P = 1 atm, τ = 0.36 s, W/F = 100 g mol-1 h). 
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Representative time on-stream conversion and selectivity profiles for reaction at 
413 K are shown in Fig. 8.3(I), where furfural was solely converted to the target 
furfuryl alcohol, i.e. exclusive reduction of the carbonyl group (Fig. 8.1, path (III)). To 
the best of our knowledge this is the first report of 100% selectivity to furfuryl alcohol 
over Au catalysts. This result is significant in the light of the negligible activity 
recorded for reaction over (SiO2) supported Au in batch mode [8.20]. Moreover, by-
product formation has been a feature of furfural hydrogenation over Pd [8.3], Pt [8.4] 
and Ni [8.8] catalysts. A meaningful evaluation of the catalytic response requires that 
the reaction is operated under kinetic control, free heat/mass transfer constraints. These 
possible limitations were assessed using standard diagnostic tests (effect of contact 
time, catalyst mass to reactant feed rate and reaction temperature) [8.34] and the results 
are presented in Fig. 8.3(II). Furfural consumption rate increased with contact time (at τ 
<0.36 s, (A)), indicative of interparticle transport limitations that inhibit hydrogenation. 
Rate was insensitive to contact time at τ ≥ 0.36 s, demonstrating minimal external 
diffusion constraints; τ was set at 0.36 s in subsequent tests. Variation in catalyst mass 
to furfural feed rate (W/F) was used to probe the effect of possible reactant 
concentration gradients on performance. Hydrogenation rate (at X ≤ 0.9) displayed a 
linear correlation with respect to W/F (passing through the origin, (B)) and we can 
discount contributions due to internal and/or external mass transport on the observed 
activity. The applicability of pseudo-first order kinetics has been demonstrated 
elsewhere [8.35]. The Arrhenius plot (C) delivered an apparent activation energy (∆Ea = 
45 kJ mol
-1
) close to that (50 kJ mol
-1
) reported for reaction over Cu/SiO2 [8.36]. This 
activation energy is higher than the reported furfural adsorption energy (<30 kJ mol
-1
) 
[8.36] and typical values (<15 kJ mol
-1
) for surface diffusion of gases [8.37], confirming 
that the reaction was under chemical kinetic control (at τ ≥ 0.36 s, W/F = 100-300 g mol
-
1
 h and T = 383-433 K). 
Reaction exclusivity to furfuryl alcohol was maintained over 383-433 K (Fig. 8.4). 
An increase in temperature (to 523 K) resulted in higher turnover frequencies (TOF) but 
with a switch from exclusive –C=O reduction to predominant hydrogenolysis (to 2-
methylfuran, path (V) in Fig. 8.1). This result suggests that higher temperatures 
facilitate activation of –C=O for subsequent hydrogenolytic cleavage (steps (III) and 
(V)). Similar behaviour has been reported for Cu/MgO [8.16] where reaction 
temperatures ≥473 K favoured 2-methylfuran formation. Reduction of furfural to 
furfuryl alcohol has been proposed to proceed via nucleophilic addition where the 
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nucleophile (dissociated H) attacks the electrophilic –C=O group to form an alkoxide 
(or hydroxyl-alkyl) intermediate with subsequent protonation to yield the alcohol [8.36]. 
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Fig. 8.4: Dependence of furfural TOF (bars) and selectivity to furfuryl alcohol (□) 
and 2-methylfuran (○) with temperature over Au/Al2O3. 
 
 
Theoretical (DFT) calculations have demonstrated perpendicular adsorption of furfural 
on Cu via the oxygen lone pair of the carbonyl group as the most stable configuration 
for reduction to the alcohol [8.36]. Adsorption via the furan ring (parallel to the metal 
surface) has been proposed to account for decarbonylation (to furan, path (I)) and furan 
ring reduction (to tetrahydrofurfurylalcohol, path (IV)) over supported Pd [8.3,8.38]. 
Support surface properties can impact on carbonyl group adsorption where FTIR 
analysis has established benzaldehyde interaction with Al
3+
 sites on alumina to generate 
a surface benzoate as reactive intermediate to the alcohol [8.39]. We have confirmed, by 
pyridine titration coupled with FTIR, that the Lewis acidity of alumina facilitates 
selective activation and reduction of –C=O to the alcohol at low temperatures (423-443 
K) in the gas phase hydrogenation of nitrobenzaldehyde [8.40]. Moreover, electron-rich 
Au particles have been shown to favour selective activation/reduction of carbonyl group 
in benzalacetone [8.41] and acrolein [8.42] hydrogenation. Surface Lewis acid sites on 
Al2O3 and electron-rich Au particles (determined from XPS analysis) can then 
contribute to selective hydrogenation of furfural to furfuryl alcohol at T ≤433 K. It is 
important to note that Au/Al2O3 not only delivered full selectivity to the target furfuryl 
alcohol but delivered a higher TOF than the values reported for Cu/MgO (18-140 h
-1
) 
[8.15,8.16] and Cu/C (65-115 h
-1
) [8.17] at higher reaction temperatures (453-498 K) 
and which we can take as the current benchmark. The higher selective hydrogenation 
rate can be linked to the greater capacity of nano-sized Au to chemisorb/activate H2 
(318 µmol gAu
-1
 in this work) relative to supported Cu (0.8 µmol gCu
-1
 for Cu/C [8.43]). 
The results presented in this study have established Au/Al2O3 as a viable catalyst for the 
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exclusive continuous high throughout production of furfuryl alcohol from furfural. 
8.4 Conclusion 
We report the exclusive formation of furfuryl alcohol in the continuous atmospheric 
pressure hydrogenation of furfural (383-433 K, ∆Ea = 45 kJ mol
-1
) over nano-scale Au
δ-
 
(1-8 nm, mean = 4.3 nm) on Al2O3 under conditions of chemical control (at τ ≥ 0.36 s, 
W/F = 100-300 g mol
-1
 h). Reaction over Au/Al2O3 delivered a TOF that was 
significantly greater than the benchmark Cu catalysts operated at higher temperatures 
(453-498 K). 
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Chapter 9                                                                                                 
Role of Support Oxygen Vacancies in the Gas Phase Furfural 
Hydrogenation over Gold 
In the previous chapter, reaction exclusivity to furfuryl alcohol was established over 
Au/Al2O3. In this chapter, the possible role of support (surface oxygen vacancies) is 
investigated by comparison with reducible oxides (TiO2 and CeO2) supported Au in the 
selective gas phase reduction of furfural where the catalytic behaviour is linked to the 
critical catalyst characterisation. 
9.1 Introduction 
Oxygen vacancies in metal oxides (e.g. titanium, cerium, iron and vanadium 
oxides) are defects generated by the loss of lattice oxygen as a result of high 
temperature annealing (≥673 K) in ultra-high vacuum (UHV) [9.1], chemical reduction 
(by H2 or CO) [9.2] and/or electron irradiation [9.3,9.4]. The formation and properties 
of these surface imperfections have been the subject of theoretical (DFT) and 
experimental (UPS, XPS, EELS, IR, EPR, STM) work [9.4-9.6]. Oxygen vacancies 
have been identified as active sites in catalytic water-gas shift [9.7], steam reforming of 
oxygenates [9.8], CO oxidation [9.9] and hydrodeoxygenation [9.10]. Moreover, the 
presence of these defects can modify the electronic characteristics (via electron transfer) 
[9.11], particle size (by stabilisation at vacancy sites) [9.12] and chemical properties 
(metal-support interaction) [9.13] of the supported metal phase (Pt [9.7], Ag [9.11], Au 
[9.12,9.13] and Pd [9.14]) which impact on reactant adsorption/activation. 
Hydrogenation is a key process in the food, petrochemical, pharmaceutical and 
agrochemical sectors [9.15]. The effect of surface oxygen vacancies on catalytic 
hydrogenation is still the subject of debate. Enhanced activity and (–C=O reduction) 
selectivity reported for Pt/CeO2 [9.16] and Au/Fe2O3 [9.17] in the hydrogenation of 
crotonaldehyde and benzalacetone was attributed to a facilitated activation of the 
carbonyl function on oxygen vacancies and/or electron-rich metal nano-particles. On the 
other hand, a (3-fold) decrease in crotonaldehyde hydrogenation activity was observed 
following incorporation of CeO2 (by impregnation with Ce(NO3)3) on Ru/Al2O3 and 
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ascribed to strong –C=O interaction with surface oxygen deficient sites [9.18]. Tian et 
al. [9.19] studying the hydrogenation of cinnamaldehdye over Au/CeO2 suggested a 
preferential –C=C– adsorption on Auδ+ (from electrons transfer to support defects) to 
explain decreased selectivity to –C=O reduction. In the hydrogenation of p-
chloronitrobenzene unwanted hydrodechlorination was reported for Au/Ce0.62Zr0.38O2 
and ascribed to C–Cl scission at oxygen vacancy sites [9.20]. In this study, we consider 
the role of surface oxygen vacancies (on reducible TiO2 and CeO2) in determining the 
catalytic action of supported Au in the gas phase hydrogenation of –C=O using furfural 
as model reactant. We also assess the catalytic action of Au on non-reducible alumina as 
a benchmark. 
9.2 Experimental 
9.2.1 Materials and Catalyst Preparation 
Commercial TiO2 (P25, Degussa) and CeO2 (Sigma-Aldrich) were used as 
received. The supported Au catalysts were prepared by deposition-precipitation using 
urea (Riedel-de Haën, 99%, 100-fold excess) with HAuCl4 (Sigma-Aldrich, 99%, 1.5  
10
-3 
- 3.0  10-3 M, 400 cm3). A suspension with the oxide carrier (10 g) was heated to 
353 K (2 K min
-1
) where the pH progressively increased to ca. 7 after 3-4 h as a result 
of urea decomposition [9.21]. The solid obtained was separated by filtration, washed 
with distilled water until chlorine free (from AgNO3 test) and dried in He (45 cm
3
 min
-1
) 
at 373 K (2 K min
-1
) for 5 h. The resultant samples were sieved (ATM fine test sieves) 
to mean particle diameter = 75 μm, activated at 2 K min-1 to 523 K in 60 cm3 min-1 H2, 
cooled to ambient temperature and passivated in 1% v/v O2/He for 1 h for ex situ 
characterisation. Synthesis and activation of the benchmark (0.6 mol%) Au/Al2O3 
catalyst is described in detail elsewhere [9.22].  
9.2.2 Catalyst Characterisation 
The Au content was measured by atomic absorption spectroscopy (Shimadzu AA-
6650 spectrometer with an air-acetylene flame) from the diluted extract in aqua regia 
(25% v/v HNO3/HCl). Temperature programmed reduction (TPR), H2 and O2 
chemisorption measurements were conducted on the CHEM-BET 3000 (Quantachrome 
Instrument) unit with data acquisition/manipulation using the TPR Win
TM
 software. 
Samples were loaded into a U-shaped Pyrex glass cell (3.76 mm i.d.) and heated in 17 
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cm
3
 min
-1
 (Brooks mass flow controlled) 5% v/v H2/N2 to 523 K at 2 K min
-1
. The 
effluent gas passed through a liquid N2 trap and H2 consumption was monitored by a 
thermal conductivity detector (TCD). The activated samples were swept with 65 cm
3
 
min
-1
 N2 for 1.5 h, cooled to 413 K and subjected to H2 chemisorption by pulse (10 μl) 
titration. In blank tests, there was no measurable H2 uptake on the oxide supports alone. 
Oxygen chemisorption post-TPR was employed to determine the extent of support 
reduction, where the samples were reduced as described above, swept with 65 cm
3
 min
-1
 
He for 1.5 h, cooled to 413 K and subjected to pulse (50 μl) O2 titration. It has been 
demonstrated previously that Au contribution to total O2 adsorbed is negligible [9.23]. 
Nitrogen physisorption was performed using the commercial Micromeritics Gemini 
2390p system. The samples were outgassed at 423 K for 1 h prior to analysis. Total 
specific surface area (SSA) was calculated by standard BET. X-ray diffractograms 
(XRD) were recorded on a Bruker/Siemens D500 incident X-ray diffractometer using 
Cu Kα radiation, scanning at 0.02º per step over the range 20º ≤ 2θ ≤ 80º. The 
diffractograms were identified against the JCPDS-ICDD reference standards, i.e. Au 
(04-0784), anatase-TiO2 (21-1272), rutile-TiO2 (21-1276), CeO2 (43-1002) and Ce2O3 
(23-1048). Gold particle morphology was examined by scanning transmission electron 
microscopy (STEM, JEOL 2200FS field emission gun-equipped unit), employing Gatan 
Digital Micrograph 1.82 for data acquisition/manipulation. Samples for analysis were 
prepared by dispersion in acetone and deposited on a holey carbon/Cu grid (300 Mesh). 
The surface area weighted mean Au particle size (d) was based on a count of at least 
300 particles, according to  
3
2
i i
i
i i
i
n d
d
n d


                                                                     (9.1) 
where ni is the number of particles of diameter di. 
9.2.3 Catalytic Procedure 
Hydrogenation of furfural (Sigma-Aldrich, 99%) was carried out at atmospheric 
pressure and 413-523 K in situ after activation in a continuous flow fixed bed tubular 
reactor (15 mm i.d.). Reactions were conducted under operating conditions that ensured 
negligible mass/heat transport limitations. A layer of borosilicate glass beads served as 
preheating zone, ensuring that the furfural reactant was vaporised and reached reaction 
temperature before contacting the catalyst. Isothermal conditions (±1 K) were ensured 
by diluting the catalyst bed with ground glass (75 µm); the ground glass was mixed 
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thoroughly with catalyst before loading into the reactor. Reaction temperature was 
continuously monitored by a thermocouple inserted in a thermowell within the catalyst 
bed. Furfural was delivered as n-butanolic (Sigma-Aldrich, >99%) solutions to the 
reactor via a glass/teflon air-tight syringe and teflon line using a microprocessor 
controlled infusion pump (Model 100 kd Scientific) at a fixed calibrated flow rate. A co-
current flow of furfural and H2 was adjusted to GHSV = 1 × 10
4
 h
-1
. The molar Au to inlet 
reactant molar feed rate (n/F) spanned the range 4.0 × 10
-3 – 3.0 × 10
-2
 h. Passage of 
furfural in a stream of H2 through the empty reactor or over support alone did not result in 
any detectable conversion. The reactor effluent was condensed in a liquid N2 trap for 
subsequent analysis using a Perkin-Elmer Auto System XL gas chromatograph equipped 
with a programmed split/splitless injector and a flame ionisation detector, employing a 
DB-1 (50 m × 0.33 mm i.d., 0.20 μm film thickness) capillary column (J&W Scientific). 
Data acquisition and manipulation were performed using the TurboChrom Workstation 
Version 6.3.2 (for Windows) chromatography data system. Furfuryl alcohol and 2-
methylfuran were used as supplied (from Sigma-Aldrich, 99%) for product 
identification/analysis. All gases (O2, H2, N2 and He) were of high purity (>99.98%, BOC). 
Furfural fractional conversion (X) is defined by 
                                   
in out
in
[ ] [ ]
[ ]
furfural furfural
furfural
X


                                   
(9.2) 
and selectivity (S) to product (j) is given by 
                                               
 
 
out
in out
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j 
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(%) 100
product
furfural furfural
S

         
                  
(9.3) 
where the subscripts “in” and “out” refer to the inlet and outlet gas streams. Turnover 
frequency (TOF, rate per active site) was calculated based on Au dispersion from STEM as 
described elsewhere [9.22]. Repeated reactions with different samples from the same batch 
of catalyst delivered raw data reproducibility and a carbon mass balance that were within 
±5 %. 
9.3 Results and Discussion 
9.3.1 Catalyst Characterisation 
The physicochemical characteristics of Au/TiO2 and Au/CeO2 are given in Table 
9.1. Both samples contained a similar Au loading (0.7-0.8 mol%) and the SSA match 
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values reported for TiO2 (50 m
2
 g
-1
) [9.24] and CeO2 (36-67 m
2
 g
-1
) [9.11] supported Au 
catalysts. XRD analysis of Au/TiO2 (Fig. 9.1(I)) revealed a mixture of tetragonal 
anatase (2θ = 25.3°, 37.8°, 48.1° and 62.8°) and rutile (2θ = 27.4°, 36.1°, 41.2°, 54.3°, 
56.6°, 69.0° and 69.8°) phases, where the anatase : rutile ratio (5:1) is consistent with 
Degussa P25 [9.25]. The XRD pattern of Au/CeO2 (Fig. 9.1(II)) presents principal 
peaks (at 2θ = 28.6°, 33.1°, 47.5° and 56.3°) characteristic of CeO2 with no evidence of 
Ce2O3 (2θ = 29.5°) formation from bulk (CeO2 → Ce2O3) reduction. In both cases, there 
were no diffraction peaks due to Au, diagnostic of a well dispersed (<5 nm) metal phase 
[9.23]. This was confirmed by STEM analysis (Fig. 9.2) where both samples exhibited 
quasi-spherical Au nanoparticles with a similar narrow size range (1-6 nm) and mean 
(Table 9.1). The TPR profile of Au/TiO2 (Fig. 9.3(I)) shows a single peak (Tmax = 376 K) 
Table 9.1: Gold loading, specific surface area (SSA), mean Au particle size from 
STEM analysis (d), H2 consumption during TPR, H2/O2 uptake and support 
standard redox potential (Eredox) associated with Au/TiO2 and Au/CeO2. 
 
Catalyst Au/TiO2 Au/CeO2 
Au loading (mol%) 0.8 0.7 
SSA (m
2 
g
-1
) 52 64 
d (nm) 3.2 2.8 
TPR H2 consumption (µmol g
-1
) 174
a
/147
b
 495
a
/61
b
 
H2 uptake
c 
(µmol gAu
-1
) 146 87 
E redox (V) -0.6 1.6 
O2 uptake
c 
(µmol g
-1
) 8 90 
a
from TPR analysis; 
b
H2 required for for Au
3+
 → Au0; 
c
measured at 413 K. 
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Fig. 9.1: XRD patterns for (I) Au/TiO2 (○: anatase; ♦: rutile) and (II) Au/CeO2 (●: 
CeO2). 
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Fig. 9.2: (I-II) Representative STEM images and (III) associated particle size 
distribution histograms for (I) Au/TiO2 (black bars) and (II) Au/CeO2 (grey bars). 
with an associated H2 consumption that exceeded the amount required for the formation 
of Au
0
 (Table 9.1) but far lower than that (6200 μmol g-1) required for Ti4+ → Ti3+. This 
suggests a partial reduction of the support, notably at the Au-support interface [9.26]. 
Reduction of Au/CeO2 (Fig. 9.3(II)) exhibited a single H2 consumption peak at higher 
Tmax (418 K). Liu and Yang [9.27] reported a dependency of Au
3+
 reducibility on 
support redox properties where weaker interactions with TiO2 compared with CeO2 
rendered the Au
3+
 component more susceptible to reduction. In the TPR of Au/CeO2, H2 
consumed was greater than requirements for Au precursor reduction but far lower than 
bulk Ce
4+ → Ce3+ transformation (2900 μmol g-1). The higher H2 uptake during the 
activation of Au/CeO2 relative to Au/TiO2 suggests a greater degree of support 
reduction. This agrees with the higher redox potential of CeO2 (Table 9.1), which is an 
indicator of a more facile reduction. In contrast, TPR analysis of Al2O3 supported Au (d 
= 4.3 nm) taken as a benchmark in this study generated an equivalent H2 consumption 
(87 μmol g-1) to the theoretical value (84 μmol g-1) for Au3+ → Au0, confirmation of 
support non-reducibility. 
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Fig. 9.3: TPR profiles for (I) Au/TiO2 and (II) Au/CeO2. 
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It has been demonstrated that the number of surface oxygen vacancies can be 
accurately quantified by oxygen titration [9.28,9.29]. Oxygen chemisorption (post-TPR) 
under reaction conditions (413 K) was employed to determine the extent of support 
reduction. The values (presented in Table 9.1) are comparable to those reported for 
TiO2 and CeO2 supported Au [9.30]. Decreasing O2 uptake (Au/CeO2 > Au/TiO2 > 
Au/Al2O3 (1 μmol g
-1
)) matched the sequence of lower support redox potential (Eredox, 
CeO2 = 1.6 V > Eredox, TiO2 = -0.6 V > Eredox, Al2O3 = -1.7 V) and decreasing H2 
consumption during TPR. Oxygen vacancy formation in TiO2 has been established by in 
situ EPR following reduction (in H2) over 573-1073 K [9.31]. Boccuzzi et al. [9.32] 
using FTIR spectroscopy demonstrated H2 dissociation on Au supported on TiO2 
(reduced at 523 K) with spillover that resulted in surface reduction. It has been 
established (by DFT calculation and STM) that bare ceria surfaces can be reduced (Ce
4+ 
→ Ce3+) to generate oxygen defects (post-activation in H2 over 400-900 K) [9.6,9.33]. 
Addition of Au on ceria facilitates support reduction (273-573 K) during TPR [9.34]. 
The performance of supported Au catalysts in hydrogenation is determined by the 
surface capacity for H2 adsorption/dissociation [9.23]. Hydrogen chemisorption (at 413 
K, Table 9.1) was appreciably higher than that (28-63 μmol gAu
-1
) recorded at ambient 
temperature [9.35] suggesting that H2 uptake is an activated process. Chemisorption on 
Au/TiO2 was measurably higher than Au/CeO2. Gold particle size and support 
interactions impact on H2 chemisorption [9.36-9.38]. Corner and edge sites associated 
with smaller Au particles (<10 nm) have been identified as active for H2 dissociation on 
Au/CeO2 [9.36]. Gold particle size distribution is nearly equivalent for both samples 
(Fig. 9.2(III)) and the greater H2 chemisorption capacity of Au/TiO2 can be attributed to 
increased H2 uptake at the Au-TiO2 interface [9.38,9.39]. Moreover, lower uptake on 
Au/CeO2 can be linked to metal encapsulation due to Au diffusion into the bulk (573-
673 K) that is facilitated by oxygen vacancies on CeO2 [9.40,9.41]. The characterisation 
results demonstrate the generation of nano-scale (mean = 3.0 ± 0.2 nm) Au particles on 
TiO2 and CeO2 and a greater density of surface oxygen vacancies on Au/CeO2. 
9.3.2 Catalytic Response 
A search through the literature did not produce any reported application of TiO2 or 
CeO2 supported Au catalysts in furfural hydrogenation. We can flag the work of 
Ohyama et al. [9.42] on the high pressure (3.8 MPa) liquid phase
 
hydrogenation
 
of 2-
hydroxylmethyl-5-furfural where reaction over Au/TiO2 resulted in furan ring opening 
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and Au/CeO2 promoted carbonyl group reduction at a
 
(ten-fold) lower activity. Higher 
selectivity to alcohol was ascribed to (ceria) surface basicity but no reason was provided 
 
 
Fig. 9.4: (I) Simplified reaction scheme for furfural hydrogenation; (II) Variation 
of turnover frequency (TOF) and (III) furfuryl alcohol selectivity (Salcohol) with 
reaction temperature (T) and support standard redox potential (Eredox) over 
Au/TiO2 (black bars) and Au/CeO2 (grey bars). Reaction conditions: T = 413-523 K 
and P = 1 atm. 
for the observed lower activity. Gas phase furfural hydrogenation at 413 K over 
Au/TiO2 generated the target furfuryl alcohol (step (a) in Fig. 9.4(I)) as the sole 
product. Reaction over Au/Al2O3 delivered an appreciably higher selective turnover 
frequency (TOF = 206 h
-1
 vs. 39 h
-1
) and Au/CeO2 was inactive (Fig. 9.4(II)). This can 
be linked to differences in the H2 chemisorption capacity that decreased in the order: 
Au/Al2O3 (318 mol gAu
-1
) > Au/TiO2 (146 mol gAu
-1
) > Au/CeO2 (87 mol gAu
-1
). 
Moreover, our result is consistent with literature that has identified H2 dissociation as the 
rate-determining step in the chemoselective hydrogenation of aldehydes over supported 
Au [9.43]. Nonetheless, a contribution due to furfural adsorption at surface oxygen 
vacancies should not be ruled out. These oxygen vacancies can act as sites for strong 
binding of oxygenated reactants [9.3,9.6]. The higher relative density of oxygen 
vacancies on Au/CeO2 (Table 9.1) can act to stabilise surface adsorbed furfural, 
resulting in the observed lower reaction rates. The action of oxygen vacancies to inhibit 
–C=O reduction is in line with the lower activity recorded for the cinnamaldehyde 
hydrogenation (to cinnamyl alcohol) over Au/CeO2 relative to Au/MgO-Al2O3 [9.19] 
though this possibility was not identified by the authors. An increase in temperature (to 
≥473 K) (i) elevated TOF where Au/CeO2 consistently delivered lower rates and (ii) 
resulted in a switch in selectivity from furfuryl alcohol to –C=O hydrogenolysis to 2-
methylfuran (step (b) in Fig. 9.4(I)). Reaction over Au/TiO2 and Au/Al2O3 at 523 K 
O
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generated 2-methylfuran as principal product (S2-methylfuran > 91%). In the case of 
Au/CeO2, a higher reaction temperature (473 K) resulted in the selective transformation 
of furfural to furfuryl alcohol while a further increase (to 523 K) generated 2-
methylfuran as by-product. These results suggest that elevated temperatures favour 
activation of –C=O for hydrogenolytic cleavage, which finds agreement in results 
reported for Cu/MgO [9.44].  
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Fig. 9.5: Proposed adsorption/activation mechanisms on (I, II) reducible (with 
oxygen vacancies) and (III) non-reducible support surfaces via carbonyl (I, III) 
and furan ring (II) oxygen. 
Ceria supported Au with a greater oxygen vacancy density exhibited a quite distinct 
catalytic response when compared with Au/TiO2 and Au/Al2O3. We propose a 
mechanism that involves direct participation of surface vacancies where the carbonyl 
group of furfural can be ‘‘anchored’’ to a vacancy (Ce3+) site (see Fig. 9.5(I)), forming a 
covalent Ce–O bond with a high energy of interaction [9.45] that stabilises the surface 
reactant and lowers reactivity. The (stabilised) carbonyl group can be activated for 
reaction at higher temperature (523 K) where hydrogenolysis to 2-methylfuran results 
from hydrogen (supplied by dissociative H2 adsorption at Au sites) scission of –C=O. 
The surface Ce
3+
 sites are oxidised by the abstracted oxygen from the carbonyl group. 
Another possible adsorption mode is through the furan ring oxygen atom that interacts 
with the electron-rich oxygen vacancy [9.46] (see Fig. 9.5(II)). The energy barrier for 
reaction is lower relative to the covalent –C=O ‘‘anchoring’’ at vacancies. In this case, 
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the carbonyl group is attacked by reactive hydrogen to form the target furfuryl alcohol 
with subsequent desorption. Oxygen defects are also present on Au/TiO2, but at a lower 
density with a consequent higher overall conversion and enhanced furfuryl alcohol 
selectivity at lower reaction temperature. Interaction of –C=O with Lewis acid sites 
(Al
3+
) on non-reducible Al2O3 (see Fig. 9.5(III)) facilitates –C=O activation [9.25] and 
results in greater reactivity and higher TOF. 
9.4 Conclusion 
We have established structure sensitivity in the gas phase hydrogenation of furfural 
over (0.7-0.8 mol%) Au/TiO2 and Au/CeO2 (mean Au particle size = 2.8-3.2 nm). A 
surface reaction mechanism has been proposed to explain the role of surface oxygen 
vacancies in determining hydrogenation activity and selectivity. Reaction over Au/CeO2 
delivered a lower furfural TOF which can be linked to inhibited H2 chemisorption 
capacity. Moreover, the greater oxygen vacancy density on CeO2 (with higher redox 
potential) post-TPR served to stabilise the –C=O function, lowering reactivity. Full 
selectivity was achieved to furfuryl alcohol over Au/TiO2 (at 413 K) and Au/CeO2 (at 
473 K) where hydrogenolysis to 2-methylfuran was promoted at 523 K. Reaction over 
Au on non-reducible Al2O3 delivered a higher selective furfural (to furfuryl alcohol) 
TOF (at 413 K) with 2-methylfuran formation at T ≥ 473 K. 
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Chapter 10                                                                                  
Overcoming Limitations of Gold Catalysts in Hydrogenation 
Applications: Enhanced Activity, Reaction Exclusivity and Full 
Hydrogen Utilisation 
Application of nano-scale supported Au in catalytic hydrogenation has been driven 
by high chemoselectivity but limited by low activity due to restricted capacity for H2 
activation/dissociation. This has resulted in fundamental inefficiency as reactions are 
conducted with (pressurised) H2 far in excess of the stoichiometry. This chapter tackles 
the issues of low reaction rate and hydrogen utilisation in a series of approaches 
directed at enhancing surface availability of reactive hydrogen. 
10.1 Introduction 
To date the application of supported Au catalysts has largely focused on selective 
oxidation and environmental remediation in the conversion of volatile organics [10.1-
10.3]. By comparison, use in hydrogenation, a key process in the food, petrochemical, 
pharmaceutical and agricultural industrial sectors [10.4], is far more limited as has been 
noted in recent reviews [10.5,10.6]. Interest in Au catalysts for hydrogenation has been 
driven by the high chemoselectivity achieved in the reduction of targeted functional 
groups while preserving other, often more reactive, functionalities [10.7,10.8]. There 
are a number of instances where supported Au has generated enhanced selectivity 
relative to conventional transition metal (e.g. Pd, Pt and Ni) catalysts, notably in batch 
liquid phase operation[10.9,10.10]. Gold catalysts, however, deliver significantly lower 
hydrogenation rates, which can be attributed to a lesser capacity for hydrogen 
activation/dissociation [10.11,10.12]. We set out in this study to exploit the unique 
selectivity of Au catalysts in hydrogenation and overcome this crucial limitation with a 
systematic evaluation of potential alternative hydrogen sources. We also evaluate the 
feasibility of more effective hydrogen utilisation by transfer of reactive hydrogen via 
reaction coupling. 
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Commercial hydrogenation processes are typically operated in excess (pressurised) 
gaseous H2 in order to maximise product yield. Hydrogen is not a naturally occurring 
feedstock and production, storage and transport represent serious constraints. Over 95% 
of global H2 production is fossil fuel based [10.13], notably by methane steam 
reforming [10.14] and coal gasification [10.14] and issues of sustainability now demand 
alternative sources and enhanced efficiencies. A step change in catalytic hydrogenation 
over Au catalyst must tackle H2 utilisation with a completely new approach. A move 
away from processing with compressed H2 is an important driver in achieving safer 
operations for large scale production. The use of a hydrogen carrier in transfer 
hydrogenation reactions represents one promising alternative that has been explored in 
organic synthesis using homogeneous catalysis [10.15-10.17]. However, difficulties in 
terms of multiple separation and purification steps to isolate the product and facilitate 
catalyst reuse must be addressed. These drawbacks can be circumvented by a switch to 
heterogeneous catalysis. In this regard, work to date has employed supported metal (Pd 
[10.18], Ru [10.19] and Pt [10.20]) catalysts using alcohols as H2 donors in batch liquid 
phase transfer hydrogenation. Here we evaluate four approaches to increase the 
available surface reactive hydrogen and enhance utilisation and reaction rate: (i) 
modification to external H2 partial pressure; (ii) role of spillover hydrogen (by 
incorporation of an oxide to increase the available spillover); (iii) hydrogen donation 
(via catalytic water dissociation); (iv) coupling dehydrogenation (over supported Cu 
[10.21]) with hydrogenation. With the overarching goal of process sustainability, we 
have examined carbonyl group reduction as the model reaction using a renewable 
resource as reactant. Furfural is a biomass (corncob and sugar cane bagasse) derived 
heterocyclic aldehyde that is attracting attention as a non-petroleum based feedstock 
[10.22]. Selective hydrogenation generates furfuryl alcohol, a high value chemical 
(130,000 tons per year world production) used in the manufacture of resins/rubbers/ 
adhesives and as a chemical building block for drug synthesis [10.23]. We demonstrate 
here catalytic synergy between Au and Cu in a coupled catalytic system with full H2 
utilisation and significantly increased selective hydrogenation rate.  
10.2 Experimental 
10.2.1 Catalyst Preparation 
Ceria supported Au (0.7 mol%), Pd (0.8 mol%), Ni (0.5 mol%) and Cu (15.2 
mol%) on silica used in this work were prepared by deposition-precipitation. Au/CeO2 
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(0.7 mol %) was synthesised by combining an aqueous solution of urea (100-fold 
excess) and HAuCl4 (1.5  10
-3
 mol dm
-3
, 400 cm
3
) with the ceria support (10 g, Sigma-
Aldrich). The suspension was stirred and heated (2 K min
-1
) to 353 K, where the pH 
progressively increased (to ca. 7) after 3 h as a result of urea decomposition. The solid 
suspension was separated by filtration and washed with distilled water until Cl free 
(based on the AgNO3 test). Pd/CeO2 (0.8 mol %) and Ni/CeO2 (0.5 mol %) were 
synthesised using Pd(NO3)2 and Ni(NO3)2, respectively, as metal precursors. An 
aqueous (2  10-3 mol dm-3, 300 cm3) solution of the precursor was added to (10 g) the 
CeO2 support. Aqueous Na2CO3 (2 mol dm
-3
) was slowly added to the resultant 
suspension until pH > 10 to ensure complete metal deposition, heating (2 K min
-1
) to 
353 K for 4 h. The solids were separated by filtration, washed with distilled water and 
dried in a vacuum oven at 333 K for 12 h. A (15 mol %) Cu/SiO2 was prepared with 
NaOH as precipitation agent. 20 g (fumed) silica powder (Sigma-Aldrich) were 
dispersed in a solution of Cu(NO3)2 (0.25 mol dm
-3
, 200 cm
3
). The suspension was 
stirred (600 rpm) at room temperature for 1 h, followed by addition of aqueous NaOH 
(2 M) until pH > 10 with subsequent heating to 353 K, maintained for 4 h to ensure 
homogeneous Cu(OH)2 deposition. The catalyst precursor was separated by filtration, 
washed with distilled water until pH = 7 and dried at 393 K overnight. The dried sample 
was calcined (in air) at 10 K min
-1
 to 723 K for 4 h to generate copper oxide (CuO). All 
the samples were sieved (ATM fine test sieves) to a mean particle diameter = 75 μm. 
Before reaction, the samples were activated in 60 cm
3
 min
-1
 H2 to 523-723 K (at 2-10 K 
min
-1
) with a final isothermal hold for 1-2 h and passivated at ambient temperature in 
1% v/v O2/He for ex situ characterisation. 
10.2.2 Catalyst Characterisation 
Metal content was measured by atomic absorption spectroscopy using a Shimadzu 
AA-6650 spectrometer with an air-acetylene flame from the diluted extract in aqua 
regia (25% v/v HNO3/HCl). Temperature programmed reduction (TPR), hydrogen 
chemisorption at reaction temperature (498 K) and subsequent temperature 
programmed desorption (TPD) were conducted on the CHEM-BET 3000 
(Quantachrome) unit with data acquisition/manipulation using TPR Win
TM
 software. 
The effluent gas passed through a liquid N2 trap where H2 uptake/release was 
monitored by a thermal conductivity detector (TCD). Samples were loaded into a U-
shaped Pyrex glass cell (3.76 mm i.d.) and reduced in 17 cm
3
 min
-1
 5% v/v H2/N2 to 
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523-723 K (at 2-10 K min
-1
) with a final isothermal hold for 1-2 h to ensure full 
reduction of the metal precursor. The activated samples were swept with 65 cm
3
 min
-1
 
N2 for 1.5 h, cooled to 498 K and subjected to H2 (10 or 50 μl) chemisorption by pulse 
titration. The samples were subsequently cooled to ambient temperature with TPD in 
N2 at 50 K min
-1
 to 973 K. In blank test there was no measurable H2 uptake over the 
supports. Scanning transmission electron microscopy (STEM) was performed using a 
JEOL 2200FS field emission gun-equipped transmission electron microscope unit, 
employing Gatan Digital Micrograph 1.82 for data acquisition/manipulation. Samples 
for analysis were prepared by dispersion in acetone and deposited on a holey carbon/Cu 
grid (300 Mesh). Surface area weighted mean metal particle size (d) and size 
distribution were determined according to  
                                             
3
2
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i
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i
n d
d
n d

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                                                            (10.1) 
where ni is the number of particles of diameter di. 
10.2.3 Catalytic Procedure 
Reactions (independent hydrogenation of furfural (in H2), coupled dehydrogenation/ 
hydrogenation of 2-butanol/furfural and formic acid decomposition (in N2)) were 
carried out at atmospheric pressure and 498 K in situ after activation in a continuous 
flow fixed-bed tubular reactor (i.d. = 15 mm). Reaction conditions ensured negligible 
internal/external mass and heat transfer limitations. A layer of borosilicate glass beads 
served as preheating zone where the reactant was vaporised and reached reaction 
temperature before contacting the catalyst bed. Isothermal conditions (±1 K) were 
maintained by diluting the catalyst with ground glass (75 µm); reaction temperature was 
continuously monitored by a thermocouple inserted in a thermowell within the catalyst 
bed. The reactant(s) was(were) delivered to the reactor via a glass/teflon air-tight 
syringe and teflon line using a microprocessor controlled infusion pump (Model 100 kd 
Scientific). The independent hydrogenation of furfural was tested in a co-current flow of 
H2 with furfural (GHSV = 5 × 10
3
 h
-1
 and molar metal to furfural feed rate (n/F) = 5 × 
10
-3
 h). Coupled dehydrogenation/hydrogenation was conducted in N2 (GHSV = 2.5 × 
10
3
 h
-1
, nAu/F = 5 × 10
-3 
- 11 × 10
-3
 h, mole Cu/Au = 65-150). Formic acid decomposition 
was evaluated in N2 (GHSV = 5 × 10
3
 h
-1
, nAu/F = 2 × 10
-4
 h). The reactor effluent was 
analysed by capillary GC (Perkin-Elmer Auto System XL gas chromatograph equipped 
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with a programmed split/splitless injector and a flame ionisation detector, employing a 
DB-1 (50 m × 0.33 mm i.d., 0.20 μm film thickness) capillary column (J&W Scientific)). 
In a series of control experiments, passage of each reactant in a stream of H2 or N2 through 
the empty reactor or over the support (ceria or silica) alone did not result in any detectable 
conversion. Reactant (i) fractional conversion (X) is defined by 
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and selectivity (S)  to product (j) is given by 
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(10.3) 
where the subscripts “in” and “out” refer to the inlet and outlet gas streams, respectively. 
Repeated reactions using different samples from the same batch of catalyst delivered raw 
data reproducibility within ±5%. Turnover frequency (TOF, rate per active site) was 
obtained from  
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where D is the metal dispersion (surface metal per total metal atoms) and R (h
-1
) 
represents the reactant consumption rate. Metal dispersion was obtained from 
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where d resulted from STEM measurements, Ssurface is the metal atom surface area, ρmetal 
metal density, Mmetal metal atomic mass, Ametal metal atom surface area and NAvogadro the 
Avogadro number. Reactant consumption rate (R) was obtained from 
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(10.6) 
where initial fractional conversion (X0) was extracted from time on-stream measurement.  
10.3 Results and Discussion 
10.3.1 Catalyst (Au/CeO2) Characterisation 
Scanning transmission electron microscopy (STEM) analysis (Fig. 10.1) for gold 
on ceria revealed pseudo-spherical metal particles at the nano-scale (1-5 nm) with an 
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associated surface area weighted mean of 2.8 nm. It has been noted elsewhere [10.24] 
Au particle size <5 nm is critical for significant hydrogenation activity. Gold has restricted 
 
 
 
Fig. 10.1: (I) Representative STEM image with (II) associated Au particle size 
distribution histogram for Au/CeO2. 
 
 
capacity for H2 adsorption/dissociation (2 µmol g
-1
 at reaction temperature), 
significantly lower than that for Pd/CeO2 and Ni/CeO2 (Table 10.1) used here as a 
reference. This is due to the filled 3d band in Au that results in a high energy barrier for 
dissociative adsorption and low binding strength of hydrogen atoms on Au [10.8,10.25]. 
TPR analysis (Fig. 10.2) demonstrates hydrogen consumed was (8 times) greater than 
that required for the Au
3+→ Au0 reduction step, indicative of partial support reduction 
resulting in the formation of surface oxygen vacancies, as shown in the schematic in 
Fig. 10.3(A) [10.26].  
 
Fig. 10.2: TPR profile of Au/CeO2 with associated hydrogen consumption. 
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Table 10.1: Physicochemical properties of CeO2 supported Au, Pd and Ni. 
Supported 
Metal 
Meal loading 
(mol%) 
Mean metal size 
(nm) 
H2 uptake at 498 K 
(µmol g
-1
) 
Au  0.7 2.8 2 
Pd 0.8 3.7 62 
Ni 0.5 2.0 22 
 
 
10.3.2 Catalytic Response 
 
 
Fig. 10.3: Effect of inlet H2/Furfural: Partial support reduction and hydrogenation 
of furfural to furfuryl alcohol over Au/CeO2. (A) Schematic illustrating spillover 
hydrogen generation and consumption in partial support reduction and furfural 
hydrogenation (to furfuryl alcohol). (B) Turnover frequency (TOF) and H2 
utilisation with respect to furfuryl alcohol produced (H2/Furfuryl alcohol) as a 
function of inlet H2/Furfural molar ratio over Au/CeO2. Reaction conditions: T = 
498 K, P = 1 atm, nAu/F = 5 × 10
-3
 h. 
Given that H2 activation is a limiting factor, we have explored the effect of H2 
partial pressure (i.e. inlet H2/Furfural ratio) as a possible route to elevate surface 
hydrogen concentration and increase hydrogenation rate; the results are presented in 
(Fig. 10.3(B)). In every case reaction over Au/CeO2 resulted in full selectivity to the 
target furfuryl alcohol, i.e. exclusive reduction of carbonyl group (Fig. 10.3(A)). We 
could find only one published study [10.27] on the use of (SiO2) supported Au in 
furfural hydrogenation where even at high H2 pressure (1.0 MPa) conversions were 
negligible. We observed no detectable catalytic activity at the reaction stoichiometry 
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(H2/Furfural = 1) but TOF increased to reach an upper value (61 h
-1
) at H2/Furfural > 60 
(Fig. 10.3(B)). Hydrogen utilisation, expressed here in terms of mol H2 required to 
produce 1 mol of furfuryl alcohol (H2/Furfuryl alcohol) was enhanced with increasing 
inlet H2/Furfural to 45 (Fig. 10.3(B)). The restricted capacity of Au for H2 adsorption/ 
dissociation resulted in measurably lower efficiencies at higher H2/Furfural. Hydrogen 
utilisation is a critical consideration in terms of process sustainability where the best 
result (H2/Furfuryl alcohol = 420) is far removed from the target stoichiometry (= 1). 
 
 
Fig. 10.4: Effect of supported metal: Hydrogenation of furfural over CeO2 
supported Au, Pd and Ni. (A) Turnover frequency (TOF; , ) and selectivity (Sj) 
to furfuryl alcohol (hatched bar), 2-methylfuran (solid bar), tetrahydrofurfuryl 
alcohol (open bar) and furan (cross hatched bar) over Au/CeO2, Pd/CeO2 and 
Ni/CeO2. (B) Reaction pathway for the hydrogenation of furfural over CeO2 
supported Au (solid arrow), Pd and Ni (open arrows). Reaction conditions: T = 498 
K, PH2 = 1 atm, n/F = 5 × 10
-3
 h. 
 
 
Supported transition metals (Pd, Ni and Pt) are effective in dissociative H2 
chemisorption with consequent high hydrogenation activity [10.28]. In order to enhance 
furfural hydrogenation efficiency, we considered the use of Pd/CeO2 and Ni/CeO2 as an 
index to measure the performance of Au/CeO2. The activity/selectivity response at the 
same inlet H2/Furfural ratio (= 66) for the three catalysts is presented in Fig. 10.4(A) 
where Pd/CeO2 with the highest H2 uptake capacity (Table 10.1) delivered the greatest 
TOF. In contrast to Au/CeO2, Pd/CeO2 promoted hydrogenolysis of furfuryl alcohol to 
2-methylfuran, secondary decarbonylation to furan and ring reduction to 
tetrahydrofurfuryl alcohol (Fig. 10.4(B)). Furan was the main product formed over 
Ni/CeO2 with no detectable furfuryl alcohol. Our results demonstrate a dependency of 
product distribution on the catalytic metal where Au facilitates exclusive reduction of 
the carbonyl group. Hydrogen chemisorption/activation by Au is the limiting step that 
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controls rate of the alcohol production. Increased furfural conversion must tackle the 
availability of reactive hydrogen while retaining full selectivity to the target furfuryl 
alcohol.  
 
Fig. 10.5: Effect of spillover hydrogen: Hydrogenation of furfural over oxide 
supported Au. Turnover frequency (TOF) and H2 TPD profiles (as insets) for 
Au/CeO2 and physical mixtures with CeO2 and SiO2. Reaction conditions: T = 498 
K, P = 1 atm, nAu/F = 5 × 10
-3
 h, H2/Furfural = 66.  
 
 
Spillover hydrogen species, i.e. atomic hydrogen generated by dissociative 
adsorption on metal sites that "spills" across the metal/support interface and onto the 
support surface can serve as a reactive hydrogen reservoir that contributes to 
hydrogenation. The spillover phenomenon can take place across solid/solid grain 
boundaries [10.29] and we have demonstrated that catalyst+support physical mixtures 
bear greater quantities of hydrogen compared with the catalyst alone [10.30]. Spillover 
hydrogen can be effectively quantified by temperature programmed desorption (TPD) 
[10.29]. The TPD profile for Au/CeO2 (Fig. 10.5) is characterised by H2 desorption 
(180 μmol g-1) with a temperature maximum (Tmax) at 788 K that far exceeded H2 
chemisorption (2 μmol g-1) and can be attributed to release of spillover species [10.30]. 
The incorporation of CeO2 or SiO2 with Au/CeO2 resulted in an additional peak at a 
higher temperature due to release from the added oxides with a measurably greater H2 
desorption (Fig. 10.5). A resultant increase in furfural TOF (from 61 h
-1
 to 72 h
-1
) was 
obtained while retaining full selectivity to the target alcohol. The lower H2 desorption 
from Au/CeO2 + CeO2 (relative to the physical mixture with non-reducible SiO2) can be 
accounted for in terms of hydrogen consumption due to partial ceria reduction as 
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established in the TPR measurements. The results confirm a contribution from spillover 
hydrogen that elevates selective hydrogenation rate. 
Water is an environmentally benign solvent that has been shown to act as hydrogen 
donor in water gas shift and steam reforming over (CeO2 and Fe2O3) supported Au 
[10.31,10.32]. The effect of incorporating water in the furfural feed was tested and the 
TOF delivered by Au/CeO2 as a function of water content is shown in Fig. 10.6(A). A 
three-fold higher rate was achieved at H2O/Furfural = 0.2-1. We envision a surface 
mechanism (Fig. 10.6(B)) where H2 is dissociatively adsorbed on Au and spills over 
onto the support (step I) with the creation of oxygen vacancies (step II). Dissociative 
interaction of H2O generates OH that is consumed in a re-oxidation of the support (step 
III) with the generation of two reactive protons (step IV) that attack the furfural 
carbonyl group to produce the target alcohol. At H2O/Furfural =1/5 a switch from H2 to 
N2 in the feed did not result in any detectable conversion (Fig. 10.6(A)). This response 
suggests that the promoting effect of water is an activated process that involves 
continuous creation, consumption and regeneration of oxygen vacancies, requiring a co-
current H2/H2O inlet with hydroxyl consumption and release of reactive hydrogen for –
C=O reduction.  
 
Fig. 10.6: Effect of water addition: Hydrogenation of furfural to furfuryl alcohol 
over Au/CeO2. (A) Turnover frequency (TOF) as a function of H2O/Furfural molar 
ratio (B) Proposed reaction mechanism (steps (I)-(IV)) illustrating effect of water 
addition on furfural hydrogenation (to furfuryl alcohol). Reaction conditions: T = 
498 K, P H2 = 1 atm, nAu/F = 5 × 10
-3
 h, H2/Furfural = 66. 
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Au/CeO2 in continuous operation. Viable commercial application requires more 
efficient hydrogen utilisation where the use of hydrogen donors (rather than an external 
gaseous H2) as a means of transfer hydrogenation represents one possible process option. 
Catalytic decomposition of formic acid (generated from biorefineries [10.33]) releases 
hydrogen that can serve as reductant [10.34]. Formic acid decomposition rate (5220 h
-1
 
at 498 K) over Au/CeO2 was significantly greater than the furfural hydrogenation and 
should ensure sufficient hydrogen supply for the reaction. However, Au/CeO2 exhibited 
no activity in coupled formic acid decomposition and furfural hydrogenation. This can 
be attributed to inhibited hydrogen production due to competitive furfural and formic 
acid adsorption at Au sites. Catalytic dehydrogenation of alcohols can also serve as an in 
situ source of reactive hydrogen [10.35]. Nagaraja et al. [10.36] demonstrated the 
viability of coupling cyclohexanol dehydrogenation and furfural hydrogenation on 
Cr2O3 promoted Cu-MgO, but similarity (10 K difference) in boiling points of the 
products necessitated difficult separation/purification and the hydrogen utilisation was 
inefficient (<10%). 2-Butanone (used as solvent and in the production of plastics, 
coatings and films [10.37]) can be obtained from 2-butanol dehydrogenation with 
hydrogen release. Coupling 2-butanol dehydrogenation with furfural hydrogenation 
generates two high value products (2-butanone and furfuryl alcohol) that can be readily 
separated (100 K difference in boiling points at 1 atm) by standard distillation [10.38]. 
Au/CeO2 exhibited negligible activity in the dehydrogenation of 2-butanol to H2 
generation and there is a requirement for an alternative (dehydrogenation) catalytic 
metal. Supported copper (on hydrotalcite [10.39], Al2O3 [10.40] and SiO2 [10.41]) is 
effective in dehydrogenation and was chosen as a suitable candidate to work in tandem 
with Au/CeO2. Silica supported Cu was prepared by deposition-precipitation and 
activated in H2. STEM analysis (Fig. 10.7) revealed Cu particles in the 1-15 nm size range 
   
 
Fig. 10.7: (I) Representative STEM image with (II) associated Cu particle size 
distribution histogram for Cu/SiO2. 
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to give a surface area weighted mean of 7.8 nm where larger Cu size (2-8 nm) has been 
shown to facilitate 2-butanol dehydrogenation [10.42]. Under our reaction conditions, 
Cu/SiO2 delivered low activity (TOF ≤ 13 h
-1
) in furfural conversion and so does not 
contribute significantly to the hydrogenation step in the coupled reaction. 
Dehydrogenation of 2-butanol over Cu/SiO2 generated 2-butanone as sole product at a 
rate that was five times greater than the furfural hydrogenation rate over Au/CeO2, 
guaranteeing sufficient hydrogen supply in the coupled reaction. We evaluated catalytic 
coupling (in N2) over a physical mixture of Au/CeO2 with Cu/SiO2 (with varying Cu/Au) 
given Cu content determines hydrogen production via dehydrogenation and the results 
are presented in Fig. 10.8.  In every case 2-butanone and furfuryl alcohol  were the only 
 
 
Fig. 10.8: Coupled dehydrogenation-hydrogenation. Turnover frequency (TOF) as 
a function of Cu/Au molar ratio in coupled 2-butanol dehydrogenation with 
furfural hydrogenation. Inset: schematic representation of mechanism involved in 
coupling of 2-butanol dehydrogenation over Cu with furfural hydrogenation over 
Au. Reaction conditions: T = 498 K, PN2 = 1 atm, 2-BuOH/Furfural = 15. 
products obtained. The TOF increased (from 62 to 200 h
-1
) with decreasing Cu/Au 
(from 150 to 65). This demonstrates Au/CeO2 successfully “borrowed” the hydrogen 
(Cu-H) generated in situ by dehydrogenation that Fridman et al. have demonstrated to 
proceed via a two-step H abstraction mechanism [10.43]; see schematic representation 
in the inset to Fig. 10.8. This supply of reactive hydrogen circumvents the limitations 
associated with hydrogen activation/dissociation by Au and contributes to enhanced 
furfural TOF. The plateau for furfural TOF over Cu/Au = 120-65 can be due to limited 
capacity of Au to accommodate reactive hydrogen (Au-H). Given that water addition 
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increased the rate of stand-alone furfural hydrogenation, we evaluated the effect of 
water incorporation in the coupled reaction system (in N2). This did not result in any 
increase in activity and can be attributed to insufficient hydrogen availability for ceria 
reduction to form the oxygen vacancies necessary for water dissociation and release of 
reactive hydrogen (see Fig. 10.6). 
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Fig. 10.9: Comparison of the catalytic response for different hydrogen supply 
strategies. Furfural turnover frequency (TOF; ) and H2 utilisation with respect to 
furfuryl alcohol produced (H2/Furfuryl alcohol, bars) over Au/CeO2 as a result of 
variation in inlet H2/Furfural, participation of spillover H2, promotion by water 
dissociation and coupling with dehydrogenation. Inset line: reaction stoichiometry. 
Reaction conditions: T = 498 K, P = 1 atm. 
The different approaches that we have considered in this work to address hydrogen 
utilisation and enhance selective furfural hydrogenation rate are summarised in Fig. 
10.9. Reaction exclusivity to the target alcohol has been achieved over Au/CeO2 using 
conventional external compressed H2 source but this was accompanied by low hydrogen 
utilisation efficiency (H2/Furfuryl alcohol = 420) where the reaction must be conducted 
with H2 far in excess. Incorporation (as a physical mixture) of an oxide support (CeO2 
or SiO2) with Au/CeO2 served to increase spillover hydrogen with a measurable 
increase in TOF and a marginal decrease in H2/Furfuryl alcohol. The inclusion of water 
in the feed resulted in significantly (three-fold) higher chemoselective rates due to the 
generation of reactive hydrogen via water dissociation (on surface oxygen vacancies) 
but hydrogen utilisation was still far above stoichiometric requirements. The 
dehydrogenation/hydrogenation coupling strategy enabled full utilisation of (in situ 
generated) hydrogen via dehydrogenation where H2/Furfuryl alcohol converged at 
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reaction stoichiometry. The latter exhibited the greatest process efficiency in terms of 
TOF and hydrogen utilisation. This approach offers clear advantages over conventional 
hydrogenation applications and closes a sustainability gap that will allow greater 
exploitation of the chemoselectivity exhibited by supported Au catalysts.  
10.4 Conclusion 
We have demonstrated that nano-scale (2.8 nm) Au supported on ceria promotes 
the exclusive continuous gas phase hydrogenation of (biomass-derived) furfural to 
furfuryl alcohol. Under the same reaction conditions Pd and Ni on CeO2 delivered 
higher rates but promoted decarbonylation, hydrogenolysis and furan ring reduction 
with no detectable furfuryl alcohol formation. An increase in H2 content in the feed 
enhanced activity over Au/CeO2 but with low hydrogen utilisation efficiency. Greater 
available surface hydrogen via (i) spillover (physical mixture with CeO2 and SiO2) and 
(ii) water dissociation (on surface oxygen vacancies) resulted in up to a three-fold 
higher selective hydrogenation rate but reaction still required excess H2. Full hydrogen 
utilisation (H2/Furfuryl alcohol = 1) and increased alcohol production rate was achieved 
by coupling catalytic dehydrogenation (of 2-butanol to 2-butanone) over Cu/SiO2 with 
furfural hydrogenation over Au/CeO2. This addresses the issue of unreacted hydrogen, 
circumventing the requirement for an external supply of pressurised H2 with the 
production of two high value products that are readily separated by standard distillation. 
Our results demonstrate a feasible solution to the limitations of Au in reductive 
processes and open new directions in “hydrogen free” hydrogenation.  
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Chapter 11                                                                                                  
Sustainable Production of γ-Butyrolactone from Succinic Acid and 
Formic Acid over Cu/SiO2 
Previous chapter has established conversion of biomass-derived furfural to furfuryl 
alcohol by coupling with 2-butanol dehydrogenation. This chapter studies the feasibility 
of coupling two renewable feedstocks, succinic acid and formic acid, for sustainable 
production of γ-butyrolactone.     
11.1 Introduction 
Global energy security and the environmental impacts of fuel and chemical 
production have provided the impetus for the use of biomass as a renewable feedstock 
[11.1]. Carboxylic (e.g. lactic [11.2], succinic [11.3], itaconic [11.4] and levulinic 
[11.5]) acids derived from lignocellulose biomass have been identified as a priority 
building blocks for the production of commodity chemicals [11.6]. Succinic acid, 
generated via fermentation or enzymatic hydrolysis of lignocellulose [11.3], can serve 
as a replacement for conventional petroleum-based maleic acid (produced from butane 
oxidation [11.7]) used in the synthesis of γ-butyrolactone. The latter is a high value 
chemical employed as solvent, flavouring and feedstock in the manufacture of 
pyrrolidones [11.8]. Hydrogenation of succinic acid has been predominantly conducted 
over supported metals (Pd, Ru and Re) in liquid phase at elevated pressure (60-150 bar) 
[11.9-11.13]. There have been no reported continuous gas phase operation, which can 
present immediate benefits in terms of higher throughout [11.14]. Supported Pd (on 
TiO2 [11.9] and Al2O3 [11.10]) has delivered the highest (up to 95%) selectivity to γ-
butyrolactone from the reduction-esterification of succinic acid (Fig. 11.1, step (I)). 
Butyric acid (via hydrogenolysis, step (II)) and/or propanoic acid (via 
hydrodecarbonylation or decarboxylation, steps (III) and (IV)) are formed as by-
products. Palladium on SiO2 has been reported to deliver higher catalytic activity than 
Pd/C and Pd/TiO2 in the gas phase hydrogenation of propanoic acid [11.15]. But there 
are no published reports relating to succinic acid hydrogenation. Reaction over Ru-C 
composite [11.11] and Re/C [11.12] promoted further hydrogenloysis of γ-
butyrolactone to tetrahydrofuran (step (V)) as principal product (selectivity = 40-50%). 
Bimetallic catalysts (Pd-Re/TiO2 [11.13] and Ru-Re/C [11.16]) facilitated reduction of 
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both carboxyl groups (selectivity = 62-83%) to give 1,4-butanediol (step (VI)). 
Although high selectivity to γ-butyrolactone has been achieved over supported Pd, 
reaction exclusivity remains a challenge.  
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Fig. 11.1: Reaction pathway for the hydrogenation of succinic acid to γ-
butyrolactone, butyric acid, propanoic acid, tetrahydrofuran and 1,4-butanediol.  
The work to date on succinic acid hydrogenation has employed pressurised 
hydrogen (up to 150 bar) under conditions far in excess to the stoichiometric 
requirements. Issues associated with process safety and sustainability call for alternative 
sources of hydrogen. One possible solution is the use of hydrogen donors in transfer 
hydrogenation reactions which has been explored in organic synthesis by homogeneous 
catalysis [11.17-11.19]. This alternative has clear benefits in terms of transportation, 
storage and handling [11.20] although separation/purification steps to isolate the final 
target product and facilitate catalyst reuse are decided drawbacks. Recourse to 
heterogeneous catalysis can circumvent this limitation and we consider here a 
continuous system that combines a catalytic step to release hydrogen that is utilised in 
the selective conversion of succinic acid to γ-butyrolactone. Continuous gas phase 
operation have predominantly focused on coupling (alcohols) dehydrogenation with 
(olefins and carbonyl compound) hydrogenation [11.21,11.22]. This option is not 
feasible in this instance due to the facile esterification of alcohols with carboxyl acids 
[11.23]. Decomposition of formic acid, a by-product of biorefinery processes [11.24], 
can be used as a source of hydrogen [11.25]. Coupling of formic acid decomposition 
and hydrogenation has not been studied to any significant extent and a search through 
literature has served to identify studies on formic acid coupling with phenol [11.26] and 
ethylene/propylene [11.20] hydrogenation. We have investigated the gas phase 
hydrogenation of succinic acid to γ-butyrolactone over Pd/SiO2, comparing the catalytic 
response with that of silica supported Ni and Cu that have exhibited high activity in gas 
 180 
phase selective reduction of carboxylic acids [11.27,11.28]. The feasibility of coupling 
formic acid decomposition with selective hydrogenation (in N2) is also addressed with 
an assessment of hydrogen utilisation efficiency relative to conventional operation using 
pressurised hydrogen.  
11.2 Experimental 
11.2.1 Catalyst Preparation 
Silica supported Cu was prepared by deposition-precipitation with NaOH (Riedel-
de Haën, 99%). Fumed SiO2 and Cu(NO3)2 were supplied by Sigma Aldrich and used as 
received. The silica powder (20 g) was dispersed in an aqueous solution of Cu(NO3)2 
(200 cm
3
, 0.25 M). The suspension was stirred (600 rpm) at ambient temperature for 
1 h, followed by addition of aqueous NaOH (2 M) until pH >10 to ensure copper 
deposition (as Cu(OH)2), heated to 353 K in air and aged under vigorous stirring for 4 h 
[11.29]. The solid was separated by filtration, washed with distilled water (until pH = 7) 
and dried at 393 K overnight. The anhydrous sample was calcined in air (at 10 K min
-1
 
to 723 K for 4 h) to generate supported copper oxide (CuO) [11.29]. Silica supported Pd 
and Ni were prepared by impregnation following the procedure described in detail 
elsewhere [11.30,11.31]. The catalyst precursors were sieved (ATM fine test sieves) to 
mean particle diameter = 75 μm and activated in 60 cm3 min-1 H2 at 4-10 K min
-1
 to 
543-720 K, which was maintained for 1-2 h. Samples were passivated at ambient 
temperature in 1% v/v O2/He for ex situ characterisation. 
11.2.2 Catalyst Characterisation 
Metal loading was determined by atomic absorption spectroscopy using a Shimadzu 
AA-6650 spectrometer with an air-acetylene flame from the diluted extract in aqua 
regia (25% v/v HNO3/HCl). Temperature programmed reduction (TPR), H2 (>99.98%, 
BOC) chemisorption and specific surface area (SSA) measurements were conducted on 
the CHEM-BET 3000 (Quantachrome Instrument) unit with data acquisition/ 
manipulation using the TPR Win
TM
 software. Samples were loaded into a U-shaped 
Pyrex glass cell (3.76 mm i.d.) and heated in 17 cm
3
 min
-1
 (Brooks mass flow 
controlled) 5% v/v H2/N2 at 4-10 K min
-1 
to 543-720 K, swept with 65 cm
3
 min
-1
 N2 
(>99.98%, BOC) for 1.5 h, cooled to reaction temperature (543 K) and subjected to H2 
chemisorption by pulse (10 μl) titration. There was no measurable H2 uptake on the 
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SiO2 support alone. The effluent gas passed through a liquid N2 trap and H2 
consumption was monitored by a thermal conductivity detector (TCD). SSA 
(reproducible to ±8%) was recorded in 30% v/v N2/He using N2 as internal standard. At 
least three cycles of N2 adsorption-desorption were employed using the standard single 
point BET method. Powder X-ray diffractograms (XRD) were recorded on a 
Bruker/Siemens D500 incident X-ray diffractometer using Cu Kα radiation. Samples 
were scanned at 0.01º step
-1
 over the range 30º ≤ 2θ ≤ 85º and the diffractograms 
identified against the JCPDS-ICDD reference (Pd (05-0681), Ni (04-0850) and Cu (04-
0836)). Metal crystallite size was estimated from the Scherer equation assuming 
negligible contribution of strain and instrumental broadening to reflection width 
                                      XRD
cos
K
d

 



                                                      (11.1) 
where K = 0.9, λ is the incident irradiation wavelength (1.54056 Å), β is the peak width 
at half the maximum intensity and θ represents the diffraction angle corresponding to 
the (111) plane. Metal particle morphology (size and shape) post-TPR was examined by 
electron microscopy (TEM/STEM, JEOL JEM-ARM200cF), employing Gatan Digital 
Micrograph 3.4 for data acquisition/manipulation. Samples for analysis were prepared 
by dispersion in acetone and deposited on a holey carbon/Cu grid (300 Mesh). Surface 
area weighted mean metal size (d(S)TEM) [11.32] was based on a count of up to 300 
particles. 
11.2.3 Catalytic Procedure 
Succinic acid (Sigma Aldrich, 99%) hydrogenation and formic acid (Sigma Aldrich, 
≥98%) decomposition were conducted at atmospheric pressure in situ after catalyst 
activation in a continuous flow fixed bed vertical tubular glass reactor (i.d. = 15 mm) at 
513-543 K. A layer of borosilicate glass beads served as preheating zone where the 
reactant(s) was (were) vaporised and reached reaction temperature before contacting the 
catalyst bed. Isothermal conditions (±1 K) were maintained by diluting the catalyst bed 
with ground glass (75 µm); the ground glass was mixed thoroughly with the catalyst 
before insertion into the reactor. Reaction temperature was continuously monitored by a 
thermocouple inserted in a thermowell within the catalyst bed. The reactant(s) as 
aqueous solution was (were) delivered to the reactor via a glass/teflon air-tight syringe 
and teflon line using a microprocessor controlled infusion pump (Model 100 kd 
Scientific). Succinic acid hydrogenation was conducted in a co-current flow of H2 (GHSV 
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= 5 × 10
3
 h
-1
, molar metal to reactant (succinic acid, formic acid or mixed succinic acid 
+ formic acid) feed rate (nmetal/F) = 5.9 × 10
-3 – 9.8 × 10-1 h) or in N2 with formic acid 
(GHSV = 1.2 × 10
3
 h
-1
, nCu/F = 1.5 × 10
-1
 h). Formic acid decomposition was carried out 
in N2 (GHSV = 1.0 × 10
4
 h
-1
, nCu/F = 1.0 × 10
-3 – 6.0 × 10-3 h). In blank tests, passage of 
succinic acid in H2 through the empty reactor or over the (SiO2) support alone did not 
result in any detectable conversion. Conversion <7% of formic acid in N2 through the 
empty reactor was observed due to thermal decomposition [11.33]. The reactor effluent 
was condensed in a liquid nitrogen trap. Products (γ-butyrolactone, 1,4-butanediol, 
tetrahydrofuran, butyric acid and propanoic acid, Sigma Aldrich, ≥99%) were analysed 
by gas chromatography (Perkin-Elmer Auto System XL) employing a flame ionisation 
detector (FID) and a Stabilwax (50 m × 0.32 mm i.d., 0.25 μm film thickness) capillary 
column. Analysis of succinic and formic acid was performed by high performance liquid 
chromatography (HP-1100) with UV detection (λmax = 204 nm) and a C18 column (250 
mm × 4.6 mm i.d.) with methanol (25%) and water (75%) as mobile phase at a flow rate of 
1 cm
3
 min
-1
. Data acquisition and manipulation were performed using the TotalChrom 
Workstation 2 and Agilent ChemStation. Reactant (i) conversion (X) is defined by 
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and selectivity (S) to product (j) is given by 
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where the subscripts “in” and “out” refer to the inlet and outlet gas streams, respectively. 
Initial conversion and turnover frequency (TOF) were obtained from time on-stream 
measurement described in detail elsewhere [11.34]. The applicability of a pseudo-first 
order kinetic treatment has been established for carboxyl (benzoic) acid hydrogenation 
[11.35] and formic acid decomposition [11.20] and was used in this study to extract rate 
constants (k, h
-1
). Repeated reactions with different samples from the same batch of 
catalyst delivered raw data reproducibility to within ±5 %.  
11.3 Results and Discussion 
11.3.1 Pd/SiO2: Characterisation and Application in Succinic Acid Hydrogenation  
TPR of Pd/SiO2 (Fig. 11.2(A)) generated a negative signal with a peak maximum 
(Tmax) at 362 K. This can be attributed to H2 release in the decomposition of Pd hydride, 
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in accordance with that (343-377 K) reported for supported Pd [11.36]. Hydride 
composition in terms of H/Pd ratio (= 0.45 mol mol
-1
) falls within the range (0.35-0.50) 
reported for silica supported Pd [11.37]. The absence of (a positive) H2 consumption peak 
 
Fig. 11.2: (A) TPR profile, (B) XRD pattern, (C) representative TEM image and 
(D) associated Pd particle size distribution histogram for Pd/SiO2. 
 
 
 
Table 11.1: Metal loading, specific surface area (SSA), temperature maxima (Tmax) and 
associated H2 consumption during TPR, mean metal size from electron microscopy 
(d(S)TEM) and XRD (dXRD) analysis and H2 chemisorption at 543 K for SiO2 supported Pd, 
Ni and Cu. 
 
Catalyst 
Loading 
(w/w %) 
SSA 
(m
2
 g
-1
) 
TPR Tmax 
(K) 
TPR H2 consumption 
(mmol g
-1
) 
d(S)TEM 
(nm) 
dXRD 
(nm) 
H2 uptake 
(μmol g-1) 
Pd/SiO2 5 191 362
a
 - 36 33 35 
Ni/SiO2 20 198 616 3.2/3.4
b
 13 12 8 
Cu/SiO2 20 185 543 3.0/3.1
b
 9 8 2 
a 
Tmax associated Pd hydride decomposition;
 b
theoretical value for Ni
2+ → Ni0 and Cu2+ → Cu0. 
 
suggests the presence of a metallic Pd phase prior to the thermal ramp [11.36]. The SSA 
of activated silica supported Pd (Table 11.1) is lower than the support (200 m
2
 g
-1
) and 
can be attributed to a partial pore filling during catalyst preparation [11.38]. XRD 
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analysis was employed to probe bulk structural characteristics and the diffractogram in 
Fig. 11.2(B) presents signals at 2θ = 39.9°, 46.4°, 67.9° and 81.9° assigned to Pd (111), 
(200), (220) and (311) planes where the corresponding d spacings (2.26, 1.96, 1.38 and 
1.18) are consistent with an exclusive cubic Pd symmetry [11.38]. Standard line 
broadening analysis using the Scherrer formula yields a Pd particle size of 33 nm 
(Table 11.1). This is confirmed by TEM analysis where the supported metal phase 
exhibits pseudo-spherical morphology (Fig. 11.2(C)) with a broad size range (Fig. 
11.2(D)) and a surface area weighted mean of 36 nm. Hydrogen chemisorption capacity 
is an important catalyst property in hydrogenation applications. The uptake over 
Pd/SiO2 at reaction conditions (543 K) is shown in Table 11.1. We didn’t find any 
hydrogen chemisorption measurement at 543 K over supported Pd. We can note the 
value was significantly greater than that (6 μmol g-1) recorded previously at ambient 
temperature [11.38].  
 
Table 11.2: Succinic acid (SA) turnover frequency (TOFSA) and product 
(γ-butyrolactone (GBL), propanoic acid (PA) and 1,4-butanediol 
(BDO)) selectivity (Sj, %) for reaction (in H2) over SiO2 supported Pd, 
Ni and Cu; Reaction conditions: T = 543 K, P = 1 atm, XSA = 22-28%. 
 
Catalyst TOFSA (h
-1
) SGBL (%) SPA (%) SBDO (%) 
Pd/SiO2 1222 / 95 5 
Ni/SiO2 39 64 36 / 
Cu/SiO2 3 100 / / 
 
 
Succinic acid hydrogenation (using an external supply of H2) rate over Pd/SiO2 is 
shown in Table 11.2. The turnover frequency (TOF) was appreciably larger than that 
(3-5 h
-1
) reported in batch liquid phase reaction (523 K, 100 bar) over silica supported 
Pd [11.39]. Product selectivity (Sj) is presented in Fig. 11.3(A) as a function of 
conversion, where propanoic acid was the principal (98% selectivity) product with trace 
amounts of 1,4-butanediol. This is indicative of a predominant decarbonylation and/or 
decarboxylation (Fig. 11.1, steps (III) and (IV)) and secondary reduction of both 
carboxyl groups (step (VI)). Selectivity invariance with conversion suggests reaction 
pathways to propanoic acid and 1,4-butanediol that proceed in parallel, as shown in Fig. 
11.1. Supported Pd catalysts have been reported to promote direct decarboxylation (CO2 
release) and/or dehydroxylation-decarbonylation (H2O and CO release) with loss of the 
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carboxyl function in the gas phase hydrogenation (T = 473-673 K) of fatty acids [11.40] 
and octanoic acid [11.41]. 
 
 
Fig. 11.3: (A) Product selectivity (Sj, ■: propanoic acid, ▼: 1,4-butanediol) as a 
function of succinic acid conversion (X) for reaction over Pd/SiO2 and surface 
reaction mechanism for succinic acid to (B) propanoic acid and (C) 1,4-butanediol. 
Reaction conditions: T = 543 K, P = 1 atm. 
 
 
In this study, we propose adsorption of the acid at surface Pd sites via carboxyl 
oxygen atoms that results in hydrogenolytic scission of −C−OH bond (dehydroxylation, 
Fig. 11.3(B), steps (I) and (II)) and subsequent interaction through carbonyl and alkyl 
carbons with hydrogen scission of the –C–C– bond (decarbonylation, step (III)) with 
desorption of  propanoic acid (step (IV)). Heyden et al. [11.42] using DFT analysis to 
investigate the transformation of propanoic acid to ethane over Pd (111) established that 
dehydroxylation-decarbonylation is more favourable than decarboxylation. Reduction 
of both carboxyl groups to 1,4-butanediol can be explained by the surface reaction 
mechanism in Fig. 11.3(C). Surface interaction is again through the carboxyl oxygens 
with partial reduction of carbonyl group to γ-hydroxybutyric acid via perpendicular 
adsorption through –C=O (Fig. 11.3(C), steps (I) and (II)). Further reduction of the 
second carboxyl group (step (III)) generates 1,4-butanediol which desorbs from the 
catalyst (step (IV)). However, the perpendicular adsorption of –C=O on Pd is less 
favourable than the parallel configuration due to a facile interaction of the carbonyl π 
orbital with d electrons of Pd [11.43] with a consequent predominant decarbonylation to 
propanoic acid.  
11.3.2 Ni/SiO2: Characterisation and Application in Succinic Acid Hydrogenation 
The TPR profile of Ni/SiO2 (Fig. 11.4(A)) exhibits a reduction peak with Tmax (= 
616 K) within the range (605-643 K) reported for Ni/SiO2 by Ermakova and Ermakov 
0 25 50 75 100
0
25
50
75
100
S
j 
(%
)
X (%)
(A) 
CH2OH
CH2OH
Pd H Pd H
Si O Si
CHOOC
O
H
Pd H Pd H
Si O Si
Pd H Pd H
Si O Si
C
OHO
CH2OH
(IV)
(I)
(III)
 H2
   
   
 H2
C
OHO
COOH
(II)
 H2
Pd H Pd H
Si O Si
C CH2OH
O
H
   
   
   
 H2O
 H2O
   
(C) CHOOC
OHO
Pd H
C C O
HOOC
H
H
Pd Pd
Pd
H2O
 CO
H
H
 H2
(III)
(II)
Pd Pd
HOOC COOH
(I)
Pd
CH3
COOH
Pd
(IV)
COOH
Si O SiSi O Si
Si O SiSi O Si
    
    
    
    
(B) 
 186 
which they ascribed to reduction of NiO to Ni [11.44]. Hydrogen consumption matched 
that required for NiO reduction and total surface area post-TPR was close to Pd/SiO2 
(Table 11.1). XRD analysis (Fig. 11.4(B)) revealed three diffraction signals at 2θ = 
44.6°, 51.9° and 76.6° corresponding to Ni (111), (200) and (220) planes with no 
evidence of NiO (2θ = 37.1°, 43.1°, 62.6° and 75.1°, JCPDS-ICCD 71-1179) [11.45]. 
The representative STEM image (Fig. 11.4(C)) and associated particle size distribution 
histogram (Fig. 11.4(D)) show Ni particles in the range 4-24 nm with a surface area 
weighted mean (13 nm) that agrees with the size obtained from XRD (Table 11.1). 
Hydrogen chemisorption on Ni/SiO2 was (four times) lower than that recorded on 
Pd/SiO2 (Table 11.1), a result that can be attributed to the higher activation energy 
barrier for H2 adsorption/dissociation on Ni [11.46,11.47]. 
 
 
Fig. 11.4: (A) TPR profile, (B) XRD pattern, (C) representative STEM image and 
(D) associated Ni particle size distribution histogram for Ni/SiO2. 
 
 
Succinic acid turnover frequency (TOF) on Ni/SiO2 (Table 11.2) was thirty times 
lower than Pd/SiO2, which can be linked to the lower H2 uptake capacity. In contrast to 
Pd/SiO2, Ni/SiO2 (Fig. 11.5(A)) promoted preferential formation of γ-butyrolactone 
(66% selectivity) with propanoic acid (34% selectivity) as secondary product. Product 
distribution was constant with conversion, demonstrating mutually exclusive routes to 
γ-butyrolactone and propanoic acid. In the case of propanoic acid, a similar mechanism 
(to that shown in Fig. 11.3(B)) can also apply here. The formation of γ-butyrolactone can 
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proceed by surface interaction with Ni sites via the hydroxyl function with the 
formation of γ-hydroxybutyric acid as a reactive intermediate (Fig. 11.5(B), steps (I)-
(III)) and that undergoes cyclisation-esterification to generate the lactone (step (IV)). 
Esterification can be promoted at Brønsted sites on the support [11.48]. No detectable 
1,4-butanediol can be linked to lower surface reactive hydrogen over Ni/SiO2 could 
inhibit reduction of γ-hydroxybutyric acid. 
 
 
Fig. 11.5: (A) Product selectivity (Sj, ■: propanoic acid, ▲: γ-butyrolactone) as a 
function of succinic acid conversion (X) for reaction over Ni/SiO2 and (B) surface 
reaction mechanism for succinic acid to γ-butyrolactone. Reaction conditions: T = 
543 K, P = 1 atm. 
11.3.3 Cu/SiO2: Characterisation and Application in Succinic Acid Hydrogenation 
 
Fig. 11.6: (A) TPR profile, (B) XRD pattern, (C) representative TEM image and 
(D) associated Cu particle size distribution histogram for Cu/SiO2. 
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TPR of Cu/SiO2 (Fig. 11.6(A)) generated a single peak with Tmax at the final 
isothermal hold (543 K) where H2 consumed is consistent with the reduction of CuO to 
Cu (Table 11.1). Smith and co-workers [11.49] applied in situ XRD to study the 
reduction of Cu/SiO2 and proposed a stepwise Cu
2+
 → Cu+ → Cu0 where metallic 
copper prevailed at T > 523 K. Cu/SiO2 post-TPR showed a total surface area close to 
Pd/SiO2 and Ni/SiO2 (Table 11.1). The XRD pattern (Fig. 11.6(B)) exhibits diffraction 
peaks at 2θ = 43.1°, 50.2° and 73.8° that match the Cu (111), (200) and (220) planes. 
There were no signals due to bulk copper oxides (tenorite (CuO), 2θ = 35.5°, 38.7° and 
48.7° JCPDS-ICCD (05-0661) or cuprite (Cu2O), 2θ = 36.6° (05-0667)). The 
representative TEM image (Fig. 11.6(C)) illustrates Cu dispersion with particles in the 
3-17 nm (Fig. 11.6(D)) and a mean that matches the XRD measurement (Table 11.1). 
Hydrogen uptake on Cu/SiO2 was measurably lower than that recorded for Pd/SiO2 and 
Ni/SiO2 (Table 11.1). Borgschulte et al. reported the same sequence of decreasing H2 
chemisorption (Pd > Ni > Cu) with an order of magnitude difference in uptake [11.46]. 
Hydrogen adsorption/dissociation on metals depends on the filling of d-orbital and 
bandwidth [11.50]. The lower adsorption capacity of Cu/SiO2 can be attributed to the 
filled d band that limits H2 chemisorption with a low binding strength of dissociated 
hydrogen atoms on Cu [11.51,11.52]. 
 
 
Fig. 11.7: (A) Product selectivity (Sj, ▲: γ-butyrolactone, : tetrahydrofuran) as a 
function of succinic acid conversion (X) for reaction over Cu/SiO2 and (B) surface 
reaction mechanism for succinic acid to tetrahydrofuran. Reaction conditions: T = 
543 K, P = 1 atm. 
Reaction over Cu/SiO2 (Table 11.2) delivered an appreciably lower reaction rate 
than Pd/SiO2 and Ni/SiO2. In contrast to supported Pd and Ni, full selectivity to γ-
butyrolactone was achieved over Cu/SiO2 at conversions <40% (Fig. 11.7(A)), i.e. 
exclusive reduction-esterification (succinic acid → γ-hydroxybutyric acid → γ-
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hydrogenation of succinic acid. This can be attributed to the critical selective 
activation/reduction of carbonyl group to γ-hydroxybutyric acid via perpendicular 
interaction through the carbonyl oxygen atom, which has been demonstrated as the 
preferential adsorption mode of carbonyl compounds on Cu/SiO2 [11.53]. The low 
availability of surface reactive hydrogen on Cu/SiO2 may suppress reduction of γ-
hydroxybutyric acid to 1,4-butanediol. A decrease in γ-butyrolactone selectivity at 
higher conversions was accompanied by the generation of tetrahydrofuran with a near 
equimolar product mixture at full conversion. This is consistent with a sequential 
reaction pathway with γ-butyrolactone as reactive intermediate (Fig. 11.1, steps (I) and 
(V)). Followed by succinic acid conversion to γ-butyrolactone (Fig. 11.7(B), step (I)) 
where surface reaction mechanism is similar to that shown in Fig. 11.5(B), γ-
butyrolactone is adsorbed on Cu sites via perpendicular interaction of the carbonyl 
oxygen atom (step (II)) with hydrogenolysis to tetrahydrofuran (steps (III) and (IV)). 
11.3.4 Cu/SiO2: Coupled Formic Acid Decomposition with Succinic Acid 
Hydrogenation 
Reaction exclusivity to γ-butyrolactone over Cu/SiO2 was maintained in the 513-
543 K temperature range to give an apparent activation energy of 99 kJ mol
-1
 from the 
Arrhenius plot in Fig. 11.8. This is similar to that (108 kJ mol
-1
) reported for reaction 
over Ru-Re/C in batch liquid phase operation [11.54].  Hydrogenation was conducted in  
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Fig. 11.8: Arrhenius plots for the stand-alone hydrogenation of succinic acid () 
and catalytic decomposition of formic acid (×) over Cu/SiO2. Reaction conditions: T 
= 513-543 K, P = 1 atm. 
 
 
excess H2 and the utilisation efficiency, expressed in terms of the mol ratio of H2 supply 
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to the lactone generated (= 1200), was appreciably greater than the stoichiometric 
requirement for lactone production (= 2). Hydrogen utilisation is a crucial sustainability 
consideration in this hydrogenation process. The catalytic decomposition of formic acid 
can serve as an alternative hydrogen source where the Arrhenius plot for reaction over 
Cu/SiO2 included in Fig. 11.8 exhibits an activation energy of 97 kJ mol
-1
 that is 
equivalent to the value (100 kJ mol
-1
) reported elsewhere [11.55] for reaction over (SiO2 
and Al2O3) supported Cu. A prerequisite for effective coupling of formic acid 
decomposition with succinic acid hydrogenation is that the former proceeds at a greater 
rate to ensure a sufficient supply of hydrogen. As demonstrated in Fig. 11.8, this 
requirement is met with four orders of magnitude higher H2 production (from formic 
acid) relative to H2 consumption in “stand-alone” γ-butyrolactone production. 
 
Table 11.3: Formic acid (FA) (TOFFA) and succinic acid (SA) 
(TOFSA) turnover frequency and H2 utilisation (mol ratio of H2 
generated to γ-butyrolactone (GBL) formed) in coupled formic 
acid decomposition and succinic acid hydrogenation over 
Cu/SiO2; Reaction conditions: P = 1 atm, inlet FA/SA = 50.  
 
T (K) TOFFA (h
-1
) TOFSA (h
-1
) H2 /GBL 
513 170 0.03 1530 
543 196 0.2 340 
 
 
Coupling formic acid decomposition with succinic acid hydrogenation (in N2) over 
Cu/SiO2 generated the TOFs presented in Table 11.3 at two representative temperatures 
(513 and 543 K). The coupled reaction generated γ-butyrolactone as the sole product, 
demonstrating successful “borrowing” of hydrogen released in formic acid 
decomposition with an “auto-transfer” in the selective lactone production. Formic acid 
decomposition over (carbon) supported Pd has been proposed to generate transitory Pd-
H that can promote gas phase hydrogenation of ethylene/propylene (358-473 K) 
[11.20]. A similar effect may apply here where formic acid decomposition over Cu 
supplies reactive hydrogen (Cu-H) for succinic acid hydrogenation. Moreover, Gao et 
al. [11.56] studied the hydrogenation of maleic anhydride to γ-butyrolactone over 
(Al2O3, ZrO2 and ZnO) supported Cu (513-573 K) using ethanol as hydrogen source 
and obtained ethyl acetate, n-butanol (from hydrogenolysis and ring-opening of maleic 
anhydride) and diethyl succinate (from cross reaction of ethanol and maleic anhydride) 
as major products. Our results demonstrate formic acid serves as effective hydrogen 
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source for selective hydrogenation of succinic acid (to γ-butyrolactone) and circumvents 
cross reaction, which is advancement over the existing study using alcohol as hydrogen 
donor. The exclusive production of γ-butyrolactone achieved in our work employing 
formic acid circumvents downstream separation/purification unit operations as the 
target lactone is readily extracted as liquid product. Higher reaction temperature (513 K 
→ 543 K) resulted in increased γ-butyrolactone production rate (Table 11.3) due to 
facilitated formic acid decomposition with greater hydrogen generation. Although γ-
butyrolactone formation rate (at 543 K) in the coupled system was lower relative to the 
conventional stand-alone hydrogenation using external pressurised hydrogen (Table 
11.2), H2 utilisation was improved significantly (by a factor of three). 
11.4 Conclusion 
The results presented establish the viability of in situ hydrogen generation via the 
catalytic decomposition of formic acid and direct utilisation in selective succinic acid 
hydrogenation for the production of γ-butyrolactone. Silica supported Cu favoured 
exclusive lactone formation in both stand-alone hydrogenation (using external H2) and 
reaction coupling with formic acid decomposition (in N2). Tetrahydrofuran was detected 
at higher conversion (>40%) over Cu/SiO2 due to hydrogenolysis of γ-butyrolactone. 
Reaction over Pd/SiO2 and Ni/SiO2 promoted dehydoxylation-decarbonylation to 
propanoic acid at higher reaction rates that can be linked to carboxyl/carbonyl 
adsorption mode and greater H2 chemisorption capacity. 1,4-butanediol was a secondary 
product over Pd/SiO2 with γ-butyrolactone as principal product on Ni/SiO2. Coupled 
reaction over Cu/SiO2 exhibited improved H2 utilisation efficiency relative to 
conventional hydrogenation. This opens new possibilities for sustainable “hydrogen 
free” hydrogenation processes to deliver commercially important chemicals using 
renewable feedstock. 
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Chapter 12                                                                                      
Summary and Future Work 
The ultimate objective of this PhD thesis was the improvement of catalytic process 
(in terms of activity, selectivity and sustainability) through modification of catalyst 
structure, process coupling, utilisation of hydrogen and renewable resources and 
optimisation of operation conditions. The results presented demonstrate the viability of 
tuning Au particle size and support to control the catalytic response in the 
hydrogenation of aldehydes (benzaldehyde and furfural). A series of approaches have 
been proposed to enhance the hydrogenation activity of supported Au catalysts. The 
work has established in situ hydrogen generation via catalytic dehydrogenation (of 
alcohols) and formic acid decomposition with viable utilisation in the production of 
target fine chemicals. All the catalyst testing was conducted under mild reaction 
condition (P = 1 atm, 393 K ≤ T ≤ 573 K) in the continuous gas phase operation.  
12.1 General Conclusions 
The results have established selective hydrogenation of –C=O compounds 
(benzaldehyde and biomass-derived furfural) to the target alcohol over oxide supported 
nano-scale Au (mean = 2-8 nm) catalysts. The role of support, Au particle size and 
electronic character in determining catalytic activity and selectivity has been 
demonstrated. The presence of Lewis acid/basic sites (on Au/Al2O3) facilitates –C=O 
activation resulting in enhanced turnover frequency (TOF). Reducible supports (TiO2, 
CeO2, Fe2O3 and Fe3O4) post-activation exhibit oxygen vacancies that act to stabilise 
surface reactant with a consequent lower reaction rate. Hydrogenation TOF increases 
with decreasing Au size (from 8 to 4 nm) with measurably lower TOF over Au < 3 nm. 
Application of nano-scale supported Au in catalytic hydrogenation is limited by low 
activity due to the restricted capacity for H2 activation/dissociation. A series of 
approaches, (i) promotional effect of water via catalytic dissociation; (ii) increased 
spillover hydrogen with addition of oxide support and (iii) coupling dehydrogenation 
(2-butanol to 2-butanone over Cu/SiO2) and resultant hydrogen release with 
hydrogenation (over Au/CeO2), have been developed to enhance available surface 
hydrogen to promote selective (benzaldehyde and furfural) hydrogenation rate. 
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Two catalytic routes for imine (N-benzylideneimine) synthesis in continuous gas 
phase operation have been established. The reductive coupling of benzaldehyde with 
nitrobenzene (using an external source of hydrogen) over supported Au resulted in 
preferential hydrogenation of nitrobenzene to aniline that underwent condensation with 
benzaldehyde to deliver up to 99% selectivity to the target imine. Under the same 
reaction conditions, Pd/TiO2 exhibited higher reaction rate but promoted benzaldehyde 
hydrogenolysis to toluene leading to lower imine selectivity (83%). Coupling benzyl 
alcohol dehydrogenation with nitrobenzene hydrogenation (in nitrogen) over Au/TiO2 + 
Cu/SiO2 mixtures generated the imine with full hydrogen utilisation. The inclusion of 
Au/TiO2 in the mixture enhanced nitrobenzene hydrogenation and suppressed catalyst 
deactivation.  
In the coupling of 2-butanol dehydrogenation with nitrobenzene hydrogenation, full 
yields to target products (2-butanone and aniline) were achieved. Hydrogen utilisation 
efficiency was appreciably greater (by a factor of up to 50) in the coupled system 
relative to conventional stand-alone hydrogenation using pressurised hydrogen. This 
response is attributed to the generation of reactive hydrogen associated with the Cu sites 
(Cu-H) that is effectively transferred for –NO2 reduction. This circumvents the 
limitations associated with H2 activation/dissociation by Cu.  
Continuous gas phase synthesis of benzylamine from benzyl alcohol by tandem 
dehydrogenation/amination/reduction has been studied over Cu/SiO2 and Au/TiO2. A 
synergy between Cu/SiO2 and Au/TiO2 serves to promote benzylamine generation 
through an optimization of process parameters, notably hydrogen partial pressure and 
reaction temperature.  
Selective continuous production of γ-butyrolactone from succinic acid has been 
achieved in both stand-alone hydrogenation (using external H2) and reaction coupling 
with formic acid decomposition (as a source of H2) over Cu/SiO2. Pd/SiO2 and Ni/SiO2 
exhibited higher reaction rates but promoted propanoic acid formation as by-product. 
Coupled reaction over Cu/SiO2 delivered three-fold higher H2 utilisation efficiency than 
conventional hydrogenation. 
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12.2 Future Directions 
12.2.1 Application of in situ IR Spectroscopy for Benzaldehyde Hydrogenation 
over Oxides Supported Au  
Reaction mechanisms for the hydrogenation of benzaldehyde and furfural have 
been proposed in Chapters 3 and 9 to account for the effect of support surface sites 
(non-reducible sites and oxygen vacancies) to modify –C=O adsorption/activation and 
consequent activity/selectivity. Validation of the mechanism requires further 
characterisation by in situ IR spectroscopy. This should be directed at an analysis of the 
mode of adsorption on Al2O3 and CeO2 pre- and post- Au introduction. Analysis (in a 
reaction cell) of surface interactions in H2 and under reaction conditions can serve to 
pinpoint differences due to the redox character of the support. Theoretical (DFT) 
calculations can provide molecular level mechanistic information in terms of 
reactant/surface dynamics and the nature of the transition-state. 
12.2.2 Succinic Acid Hydrogenation 
The work presented in Chapter 11 has established selective hydrogenation of 
biomass-derived succinic acid to γ-butyrolactone over Cu/SiO2 but at low conversions 
(<40%). Copper delivered a lower hydrogenation rate than that obtained for Pd and Ni 
due to the lower H2 chemisorption capacity of Cu. Further work is required to raise the 
activity with the target of 100% conversion and full selectivity to γ-butyrolactone. 
Support acidity (surface Brønsted acid sites) has been shown to facilitate cyclisation-
esterification of γ-hydroxy-butyric acid and enhance activity and selectivity to γ-
butyrolactone [12.1]. Benzoic acid hydrogenation rates over Au/Ce0.62Zr0.38O2 have 
been correlated to support reducibility and the formation of the reactive benzoate 
intermediate [12.2]. Moreover, metal nitride/carbide support serves to activate/ 
dissociate hydrogen and enhance hydrogenation [12.3]. The influence of support nature 
in terms of acidity-basicity, redox character, and hydrogen uptake capability should be 
investigated in the gas phase hydrogenation of succinic acid over supported Cu 
catalysts. Hydrogen uptake is sensitive to metal particle size which impacts on 
hydrogenation rate [12.4]. A decrease in supported Au and Cu size resulted in enhanced 
hydrogenation activity in the conversion of benzaldehyde and nitrobenzene (Chapters 3 
and 6). Variations in Cu size should be tested in succinic acid hydrogenation to probe 
possible structure sensitivity. Gold belongs to the same group as copper and has 
common physicochemical properties. It has been established in Chapters 2, 3, 8 and 9 
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that supported Au catalysts exhibit unique chemoselectivity for reduction of multiple 
saturated functionalities (–C=O and –NO2). This could be exploited in carboxyl group 
hydrogenation, i.e. succinic acid. 
12.2.3 Enhance Coupling Performance of Formic Acid Decomposition with 
Succinic Acid Hydrogenation 
The work presented in Chapter 11 has established the viability of formic acid as an 
efficient hydrogen donor for succinic acid hydrogenation with enhanced reaction rate 
and hydrogen utilisation relative to conventional hydrogenation using external gaseous 
hydrogen. However, hydrogen utilisation efficiency was far lower than stoichiometry. 
Future work should focus on enhancing succinic acid hydrogenation to γ-butyrolactone 
in the coupled reaction. Incorporation of a second metal in either physical mixture or as 
a supported bimetallic system is an avenue of research that should be explored. As 
hydrogen supply governs overall rate a range of donor compounds warrant examination 
where cross-reactions that generate unwanted by-products must be avoided. 
Dehydrogenation of alcohols derived from biomass (polyols) in a coupled system may 
form the basis for sustainable “hydrogen free” hydrogenations. 
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